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There is a bidirectional interaction across nutrition, infection and immunity. While good 
nutrition increases the immune system’s response, immune deficits following malnutrition 
early in life have been shown to persist for weeks and even years. This study combines 
osteological and archaeometric analysis providing significant novel perspectives on the 
synergy between diet and health exploring stable isotope analysis. It is intended to assess 
whether stable isotope analysis can be used as a tool to study the impact of diet on the 
individuals’ susceptibility to pathogens. This study will help understanding the physiological 
mechanisms of stress and disease prior to the advent of modern medicine and antibiotics, 
as well as improve dietary isotope data interpretation. 
The samples under study were recovered from Santa Maria do Olival, Tomar, 
Portugal (11th – 17th centuries). Stable isotope analyses were performed to 66 skeletons, 33 
individuals without macroscopic indicators of physiological stress or skeletal lesions and 33 
individuals with skeletal lesions of possible infectious origin (n=23) or healed fracture 
calluses (n=10). Stable isotope analyses were also preformed to fauna remains (n=13) to 
estimate the baseline diet. The individuals with lesions were divided into active (n=6) and 
healed lesions (n=7), a combination of active and healed lesions (n=10) and fracture calluses 
(n=10) and the data compared with sites within the same bone without lesions. In total 134 
samples (94 from long bones, 27 from ribs, 13 from faunal remains) were used for stable 
isotope analyses. Carbon (δ13C), nitrogen (δ15N) and sulphur (δ34S) stable isotopes were 
used to estimate the diet at Tomar. δ13C and δ15N values were compared between 
individuals with and without lesions and non-lesion and lesion sites were also compared 
within the same bone. 
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The diet at Tomar was complex (δ13C=-18.6±0.5‰, δ15N=10.8±0.8‰, 
δ34S=13.1±1.5‰), low in terrestrial animal protein and high in aquatic protein intake, 
despite its inland location. No statistically significant differences (p>0.05) were found 
between sexes or socio-economic status. δ15N differed significantly between skeletons with 
non-specific generalised infections (δ13C=-18.7±0.8‰, δ15N=9.9±0.4‰) and those with only 
healed tibial periosteal reactions (p<0.003, δ13C=-18.0±1.1‰, δ15N=10.9±0.7‰) or without 
lesions (p<0.004, δ13C=-18.6±0.5‰, δ15N=10.8±0.8‰). No significant differences were 
noticed between sexes. Bone segments with active lesions (δ15N=11.1±0.9‰) had higher 
δ15N than those without lesions (δ15N=10.7±0.7‰), a statistically significant increase of 
0.4‰, t(13)=-2.58, p=0.02. 
Individuals with unspecific generalised infections potentially had less access to 
animal protein than those without lesions or only healed periostitis. Still, no signs of protein 
catabolism were observed in the bones without lesions but the same was not true to bone 
growths that grew during or after the disease. The increase in δ15N seen in active lesions, 
when compared with δ15N from non-lesion regions on the same long bone, may be a 
consequence of altered protein metabolism. These results suggest that different diets may 
be linked to an individual’s susceptibility to pathogens and that intra-bone stable isotope 
variation may be related to different diets and/or metabolism during or after the disease. 
Stable isotopes can help better understanding diseases in the past and the individuals’ 
response to the diseases in the absence of modern medicine and antibiotics. 
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Chapter 1 1 
Introduction 2 
Stable isotope analysis is frequently used to reconstruct diet from past populations. 3 
However, stable isotope values can be compromised by other factors, still not well known, 4 
such as physiological stress or pathologies. The associations between diet, immune function 5 
and infectious disease are of great importance to public health as well as having 6 
evolutionary significance.  7 
This project combines osteological and archaeometric analysis in order to investigate 8 
the relationship between diet and health, testing if this synergy can be assessed from stable 9 
isotope analysis to bone collagen. The main goal of this project is to determine if there is a 10 
link between diet and health assessed by carbon (δ13C) and nitrogen (δ15N) ratios from bone 11 
collagen of skeletons that retain evidence of disease. This knowledge will improve dietary 12 
interpretations and test the possibility of using stable isotope analysis as a tool to better 13 
understand health in past populations. It will be particularly illuminating to investigate this 14 
in a population for which the absence of antibiotics and modern medicine provides an 15 
overview free of these potentially confounding morbidity reduction interventions. 16 
 There is a bidirectional relationship between diet and health. Malnutrition can lead 17 
to a rapid death or result in physiological stress and impair the immune function (e.g. 18 
Woodward 2001), increasing the individual’s susceptibility to infectious diseases. Infections 19 
can also lead to a rapid death but the individual can also recover from the disease or survive 20 
long enough for it to leave lesions on the individual’s bones (Wood et al. 1992, Ortner 21 
2003). Infectious diseases, on the other hand, increase resting energy expenditure, decrease 22 
21 
 
dietary intake and are usually associated with nutrient malabsorption (Calder 2013, Mitra et 1 
al. 1997, Murray and Murray 1979) resulting in malnutrition.  2 
It is intended to assess whether stable isotope (δ13C and δ15N) analysis can be used 3 
as a tool to study the impact of diet on the individuals’ immune system and their 4 
susceptibility to pathogens. This information will provide answers on the physiological 5 
mechanisms of stress and disease prior to the advent of modern medicine as well as 6 
improve dietary isotope data interpretation.  7 
Studying ancient populations gives an important contribution, not only for the study 8 
of health in the past, but also as a predictor of how future environmental conditions may 9 
affect health at a time when the continued supply of effective antibiotics is under threat. 10 
1.1. Aims and predictions 11 
1.1.1. Osteological sample and demographics of Tomar skeletal collection 12 
There are a wide variety of factors that can affect stable isotope ratios and various studies 13 
suggest dietary differences between sex, age groups and social status (e.g. Adamson 2004, 14 
Kjellström et al. 2009, Linderholm et al. 2008, Polet and Katzenberg 2003, Schutkowski et al. 15 
1999, Reitsema et al. 2010, Reitsema and Vercellotti 2012). For these reasons it is important 16 
to have background information about the samples under study. This is particularly 17 
important for Tomar skeletal collection. By being controlled by religious military orders the 18 
social status gap between males and females, for example, could have been larger than in 19 
other populations. 20 
 Socio-economic status affects not only the access to food resources but it also has an 21 
important impact on the health status (Goodman and Leatherman 1998) as it influences 22 
access to nutritious food resources and health care, exposure to pathogens, strenuous 23 
22 
 
biomechanical effort, settlement density, sanitation and hygiene. The distribution of 1 
individuals from different sex and age within Tomar’s necropolis will give a better 2 
understanding on how these different groups were viewed as proximity to church and the 3 
type of grave can reflect socio-economic status (Binski 1996, Daniell 1998, Graves 1989, 4 
Ottaway 1992, Platt 1981, Swanson 1989). I expect that in the areas closer to the church the 5 
amount of males will be larger than the females, more structures graves and fewer non-6 
adults than the areas further away from the church. 7 
Stature is frequently used as an indicator of physiological stress (e.g. DeWitte and 8 
Hughes-Morey 2012, Barker et al. 1990) but it is also related with socio-economic status 9 
(e.g. Bogin 1999, Johnson and Padez 1999, Larsen 1987). I expect that the individuals buried 10 
closer to the church will have higher statures than those buried further away from the 11 
church. Since stature is related with physiological stress, shorter individuals usually reach 12 
reproductive maturity earlier stages and die at younger ages (Metcalf and Monaghan 2001, 13 
Walker et al. 2006, Kuzawa 2007, Stock and Migliano 2009) I expect that, also in Tomar, the 14 
elderly individuals will have higher stature than young adults. It is also expected that the 15 
individuals buried in structured graves will be taller than those buried in graves excavated 16 
on the soil. 17 
Given the importance of correctly estimating sex and stature and their high 18 
population specification (e.g. Bidmos and Dayal, 2004) one of this project’s aims is to 19 






1.1.2. Estimating the diet at Tomar 1 
This work will provide insight into the medieval diet in Portugal, being the first stable 2 
isotope analysis to reconstruct diet during this historical period. Various studies suggest 3 
dietary differences between sex, age groups and social status in Medieval times (e.g. 4 
Adamson 2004, Kjellström et al. 2009, Linderholm et al. 2008, Polet and Katzenberg 2003, 5 
Schutkowski et al. 1999, Reitsema et al. 2010, Reitsema and Vercellotti 2012). The diet at 6 
Tomar will be estimated using carbon, nitrogen and sulphur stable isotopes. By 7 
reconstructing diet at Tomar it will also be possible to distinguish dietary patterns between 8 
sex, age groups and socio-economic status that may have been influenced by the presence 9 
of the religious military orders. This study will also provide a dietary control group which will 10 
aid understanding the relationship between diet, health and metabolism. 11 
Historical literature indicates that the amount of meat consumption among Templars 12 
was lower than in individuals with similar social status (Barber and Bate 2002). In medieval 13 
times religious military orders had total control of towns and hunting and fishing rights 14 
(Vicente 2013), but their influence on the general population diet remains unknown. I 15 
expect that religious dietary restrictions may have had a higher impact in towns governed by 16 
religious military orders. Therefore, their influence probably led to a higher intake of aquatic 17 
or vegetal protein when meat consumption was not allowed than in other towns from 18 
similar chronologies. I also expect that there will be a larger dietary difference between 19 
sexes than in other populations. At Tomar men would actively be part of the local army 20 
alongside the order’s knights (Conde 1996) which could have given them access to different 21 
food sources than the females.    22 
This town's rich history and people movement make it very interesting for dietary 23 
reconstruction and comparison with other European medieval collections. Tomar was a 24 
24 
 
Templar town located in the main Portuguese route and one of its functions was to receive 1 
and protect refugees in case of invasion (Conde 1996). I expect to see a few outliers that 2 
may not have lived all of their life in Tomar. This study will also gather some information 3 
about new food resources, such as sugar cane, taken to Portugal during the Age of 4 
Exploration (15th to 17th centuries), which would only be available for the people in the 5 
higher socio-economic ranks. It may be possible to see these new food sources intakes 6 
among the individuals from Tomar. 7 
Estimating stable isotope ratios for terrestrial fauna will aid understanding the 8 
biological distribution of stable isotopes geographically, as well as provide information on 9 
domestication and animal husbandry. 10 
1.1.3. Diet and Health 11 
Health is a complex state that can be reflected through skeletal indicators of physiological 12 
stress (Temple et al. 2014). Most of the modern developing countries still struggle to 13 
decrease malnutrition and infectious diseases (WHO 2009, Doak et al. 2005). One of the 14 
aims of this project is to infer the effect of diet on health by exploring the correspondence 15 
between stable isotope ratios and indicators of non-specific (periostitis and/or 16 
osteomyelitis) and specific (venereal syphilis) disease. It is also intended to examine stable 17 
isotope ratios between individuals at different disease stages. 18 
 There is a bidirectional relationship between diet and health. Protein malnutrition 19 
over a long period of time impairs the immune system and increases the likelihood of an 20 
individual contracting an infectious disease (e.g. Woodward 2001, Woodward 1998). 21 
Individuals with skeletal signs of infectious diseases might have had different diets than 22 
those without skeletal lesions.  23 
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Woven bone is produced during rapid bone formation and when it is observed in 1 
adults it is considered of pathological origin (Ortner 2003, Ortner and Putschard 1985). Since 2 
in chronic or healing stages the woven bone is rapidly remodelled into compact bone, 3 
woven bone is considered a lesion which was active peri-mortem, while compact bone is 4 
considered a lesion which was healed peri-mortem (Ortner 2003, Ortner and Putschard 5 
1985). Chronic infections can also have various acute phases and be very informative about 6 
the nutritional adequacy of the diet in a specific community (Goodman and Martin 2002). 7 
Since protein malnutrition impairs the immune system (e.g. Woodward 2001, 8 
Woodward 1998, Scrimshaw and SanGiovanni 1997, Calder 1991), I predict that skeletons 9 
without lesions may have had diets richer in animal protein than those with lesions, with 10 
those with only active lesions having the lowest animal protein intake. The presence of 11 
skeletal lesions can also represent an adaptation to a pathological condition (Ortner 2003, 12 
Wood et al. 1992) indicating that the individual survived long enough to the pathology for it 13 
to leave evidence in the skeletal tissues (Wood et al. 1992). The individuals with only healed 14 
lesions are expected to have had similar diets to those without lesions as they survived the 15 
disease long enough for the bone to remodel into compact bone (Ortner 2003, Wood et al. 16 
1992, Ortner and Putschard 1985). 17 
However, the absence of osteological stress markers does not necessarily mean low 18 
level of physiological stress (Wood et al. 1992). Acute infections can lead to a rapid death, 19 
without leaving any signs in the skeleton.  The absence of skeletal lesions is ambiguous; it 20 
can indicate either a good health status or a fast death as result of an acute disease 21 
(DeWitte and Stojanowski 2015, Siek 2013, Wood et al. 1992). 22 
The complex relationship between nutrition and immunity to pathogens has 23 
received increasing attention in modern populations. In ancient pre-antibiotic populations 24 
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this context has been little considered. Still, archaeological collections are pre-antibiotic 1 
allowing a more direct study of human-pathogen co-evolution and may helderly important 2 
lessons at a time when the continued supply of effective antibiotics is under threat. For 3 
these reasons bioarchaeological collections are a good model to study diet and health 4 
without the confounding factor of modern medicine. 5 
1.1.4. Effect of different healing stages on stable isotope ratios in skeletal 6 
lesions 7 
Physiological stress is one of the factors that can affect stable isotope ratios (e.g. D’Ortenzio 8 
et al. 2015, Fuller et al. 2005, Gaye-Siesseger et al. 2004, Hobson and Clark 1992, Hobson et 9 
al. 1993, Oelbermann and Scheu 2001, Steele and Daniel 1978). However, it is not clear how 10 
bone may reflect different metabolic stages during periods of physiological stress or its 11 
recovery. 12 
This study compares bone collagen stable isotope ratios between sites that retained 13 
evidence of disease with those that did not retain evidence of disease. The main aim of this 14 
study is to infer if skeletal lesions at different healing stages (active or healed) show 15 
different stable isotope ratios between themselves and when compared with non-lesion 16 
sites from the same bone. This thesis represents the first study to differentiate between 17 
healed and active legions, which may highlight different metabolic stages. Previous research 18 
showed higher values of δ15N in lesions when compared with non-lesion sites (Olsen et al. 19 
2014, Katzenberg and Lovell 1999) but the different healing stages were not taken into 20 
consideration. 21 
 Infectious diseases can decrease nutrient availability due to malabsorption (e.g. 22 
Mitra et al. 1997) and increase resting energy expenditure, altering the metabolism and 23 
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redistribution of nutrients (Calder 2013) within the body’s tissues. Therefore, differences 1 
between healed and active diseases may represent different metabolic stages. Chronic 2 
physiological stress resulting from infectious diseases may affect the isotopic composition of 3 
the individual’s bone collagen. In prolonged cases of disease, nutritional or physiological 4 
stress, dietary protein cannot adequately replace nitrogen losses (Welle 1999, Powanda 5 
1977, Grossman et al. 1945). Consequently, the body proteins are recycled resulting in 6 
enriched 15N and consequently high δ15N values (e.g. D’Ortenzio et al. 2015, Deschner et al. 7 
2012, Hobson et al. 1993, Steele and Daniel 1978). 8 
Bone collagen from non-lesion sites may represent an average dietary signal of up to 9 
ten years prior to the individual’s death (Hedges et al. 2007). However, bone lesions are the 10 
result of repair mechanisms initiated before the cessation of the disease state or the 11 
clearance of a pathogen from the organism (Klaus 2014, Ragsdale and Lehmer 2012, Neve et 12 
al. 2011). As mentioned above, skeletons with active lesions represent individuals whose 13 
disease was active peri-mortem while those with healed lesions may represent individuals 14 
who were healed from the disease. Consequently, while non-lesion sites represent long-15 
term isotopic signals, stable isotope ratios from the lesions represent short-term changes 16 
that may represent fluctuations on the metabolic balance of the individual. Therefore, I 17 
expect to observe a δ15N increase in active lesions and a δ15N decrease in healed lesions 18 
when compared to non-lesion sites within the same bone. 19 
  20 
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1.2. Thesis organization 1 
This dissertation includes three independent research articles submitted for publication in 2 
peer-reviewed journals (Chapters 5, 6 and 7). Each one of these chapters has specific 3 
objectives, introduction, methodology, results, discussion and conclusion. Additionally to 4 
these data chapters there is an introductory chapter to the thesis (Chapter 1), a chapter 5 
with the research background (Chapter 2), another one with general methodology (Chapter 6 
3) and one introducing the necropolis. At the end of the thesis there is a general conclusion 7 
(Chapter 8).  8 
Chapter 1 describes the thesis organization and highlights the general aims of this 9 
research, as well as main questions and predictions.  10 
Chapter 2 provides a general research background, introducing the historical 11 
background of Tomar, an introduction to bone remodelling and stable isotope analysis.  12 
Chapter 3 gives a general overview of the samples, sampling strategy and 13 
methodologies used in this thesis. 14 
Chapter 4 analyses the raw data from the excavation at Santa Maria do Olival, 15 
Tomar. Understanding the historic and demographic context of Tomar osteological 16 
collection will give a better insight on social status and its relationship with indicators of 17 
health. This insight is key to posterior diet estimations within Tomar’s collection.  18 
Chapter 5 analyses bone collagen stable isotope data (carbon, nitrogen and 19 
sulphur) from 33 human adults without skeletal lesions (15 females, 18 males) and 13 faunal 20 
remains in order to understand the baseline diet at Tomar.  21 
Chapter 6 explores the correspondence between stable isotope ratios (carbon and 22 
nitrogen) and indicators of non-specific (periostitis and/or osteomyelitis) and specific 23 
(venereal syphilis) disease as well as different disease stages. 24 
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Chapter 7 aims to assess if pathological bone growth, active or healed, has a 1 
measurable effect on stable isotope ratios (carbon and nitrogen). Isotope values of lesions 2 
are compared with tissues without lesions to better understand the use of carbon and 3 
nitrogen (ingested or recycled in the body) in bone tissue repair. 4 
 In Chapter 8 the results from the different chapters are discussed together 5 
highlighting the contributions of this research. This chapter summarizes the conclusions of 6 
the preceding chapters and directs towards possible future directions. 7 
 8 
  9 
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Chapter 2 1 
 2 
General background 3 
 4 
2.1. Historical context 5 
Tomar is a Portuguese city crossed by the Nabão River and located approximately 10km 6 
from the right margin of the Zêzere River and 50km from the Atlantic coast (Figure 2.1.). The 7 
city of Tomar is part of Santarém District in the centre of Portugal.  8 
The construction of the Convent of Christ (Figure 2.2), a Templar stronghold, started 9 
in 1160 and it was most likely about this time that the Church of Santa Maria do Olival 10 
(Figure 2.3) was constructed (Conde 1996).  The church was built over the Monastery of 11 
Santa Maria de Selho, likely from the 7th century (Dias 1979). The Church of Santa Maria do 12 
Olival would later become the pantheon of the Grand Masters of the Temple.  13 
 14 
 15 
Figure 2.2. Convent of Christ. Taken in 
April 2015. 
 
Figure 2.1. Map of Portugal showing the 





Figure 2.3. Church of Santa Maria do Olival main entrance and bell tower. Taken in April 2015. 2 
Tomar had a very important military role consolidating the Kingdom of Portugal by 3 
resisting the advances of the last Moroccan king of Hispania, Iacub ben Iuçuf Almançor 4 
(França 1994). Catholic religious military orders were formed with the purpose of opposing 5 
against Islamic conquests in the Holy Land and later in the Iberian Peninsula. The Knights 6 
Templar was the largest and most influential of the military orders. The Templars were 7 
closely related to the Crusades but up to 90% of the order’s members could be non-8 
combatants managing large economic infrastructure (Barber 2012). The Order of the 9 
Temple, and later the Order of Christ, had an extensive estate between the rivers Zêzere 10 
and Tagus where they applied their own law, being described as “a little kingdom inside the 11 
kingdom” (Vicente 2013). The local church had no power over the Order of the Temple as 12 
the military order only answered to the Pope (França 1994, Pereira 2006). The control that 13 
the military orders had on Tomar may have had an impact on the general population, 14 
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including its diet due to strict religious dietary restrictions (e.g. Müldner et al. 2009, Vicente 1 
2013) and their control over hunting and angling rights (Vicente 2013).  2 
As a Templar town, one of its functions was to receive and protect refugees from 3 
other Portuguese towns in case of invasion (Conde 1996), so it is possible that some of the 4 
individuals buried at Tomar did not live there all of their life. Tomar was located at strada 5 
maiore, the main Portuguese route connecting the North of the country to the limits of the 6 
Reconquista (Conde 1996), having a mixture of goods, people and diseases. The advances of 7 
the Portuguese frontier towards the south encouraged migration from the north of the 8 
country. This may have led to integration problems but was important for the demographic 9 
balance of the country (Mattoso 2009). In the beginning of the 11th century, due to the 10 
reorganization of the Christians and the disruption of the caliphate, religious intolerance 11 
increased, ending the long period (8th to 10th centuries) of familiarity and acceptance 12 
between Christians and Muslims (Mattoso 2009). 13 
In 1317 Pope Clement issued the bull Pastoralis Praeeminentiae, instructing all 14 
Christian monarchs in Europe to arrest the Templars and seize their assets (Barber 2012). 15 
Portugal successfully lobbied the papacy and the Templars did not face a trial, instead the 16 
Order’s assets and personnel were transferred to the newly-established Order of Christ, a 17 
continuation of the Templar Order in Portugal (Valente 1998). Tomar became a centre of 18 
Portuguese overseas expansion under Henry the Navigator, the Grand Master of the Order 19 
of Christ (Conde 1996).The black plague reached Portugal in 1348 and its impact on the 20 
demographic recession was visible until the 15th century (Conde 1996). The impact of 21 
leprosy, on the other hand, decreased significantly during the 14th century as in almost all 22 
Occidental Europe (Sournia and Ruffié 1986). During the 14th century there was also political 23 
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instability due to the civil war between King Dinis and Prince Afonso, who later became King 1 
Afonso IV, as well as Castilian invasions (Conde 1996). 2 
The only known document with demographic information about Tomar dates from 3 
1527, documenting a total of 2,253 people from which 737 lived inside the town walls 4 
(Freire 1908). The houses in medieval Tomar were made of stone, wood, clay and pug. With 5 
an average area of 60m2 (higher than in most Portuguese towns, which varied between 36 6 
and 42m2), the houses had dirt floor and tile or thatched roof (Conde 1996). Frequently the 7 
houses had small yards (usually less than 50m2) with vegetables and fruits, and animals such 8 
as pigs and poultry often moving freely in the street (Conde 1996). Outside the town’s limits 9 
there were plots of cultivated land and orchards with olive trees, vineyards and cereals 10 
(Conde 1996).  11 
2.1.1. The excavation of the necropolis of Santa Maria do Olival 12 
Santa Maria do Olival graveyard was used from the 11th to the 18th century. This wide 13 
chronology adds to the complexity of studying Tomar’s collection. Over this period of time 14 
there were new food sources introduced in Europe from America, which may be visible in 15 
stable isotope data from Tomar’s collection. Structures from the roman city Sellium and its 16 
Forum were found near the Church of Santa Maria do Olival in previous excavations (Batata 17 
1997, Batata and Ponte 1983, Ponte 1982, 1985, 1989, Ponte and Batata 1987, Ponte and 18 
Silva 1982). The Islamic presence in Tomar is not very clear, so far only a silver coin was 19 
found in the area of the church (Ponte and Miranda 1994). 20 
The excavation occurred in two phases, the first in 2007 and the second in 2008, in 21 
an area of approximately 6,500m2. The first phase of the excavation was divided into 11 22 
areas (two of them without human remains) and the second phase was divided from area 23 
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13 to 20 (Figure 2.4). However, these divisions were made by the archaeologists to organize 1 
the excavation and do not represent different chronologies or graveyard arrangements. The 2 
masters of the Templar Order would be inhumed inside the church (Barroca 1987), 3 
however, Templar graves (Figure 2.5) were found in area 18. These graves were not 4 
excavated, as they were not going to be affected by the construction works.  5 
Tomar’s archaeological collection is made up of 3,675 primary inhumations and 6 
1,456 ossuaries with a total of at least 6,792 individuals, 4,991 adults and 1,801 non-adults. 7 
The skeletons were positioned in accordance with Christian funerary rituals, in dorsal 8 
decubitus and oriented from west to east (Barroca 1987). The upper members were 9 
frequently flexed at the lumbar or pelvic region and the lower limbs were mostly straight or 10 
with ankles crossed. The graves were mostly excavated into the soil with anthropomorphic, 11 
oval or sub-rectangular morphology. In addition to the 3,675 primary inhumations, 1,456 12 
ossuaries were excavated, from which 1,233 were associated to primary inhumations.  The 13 
minimum number of individuals in each ossuary varied from 1 to 14 with both sexes and all 14 
ages represented. Six ditches were also excavated, varying between 2 and 32m2, the 15 
smallest one with 2 primary inhumations and 1 ossuary and the largest one with 35 primary 16 




Figure 2.4. Map of the excavation. Area excavated during the 1st phase and areas 13 to 20, 2 




Figure 2.5. Examples of possible Templar graves in area 18. Photography taken by Sónia Ferro during 7 
the excavation. 8 
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2.1.2. Medieval diet in Portugal 1 
To date, there are no published dietary studies based on stable isotope data for the 2 
medieval times in Portugal. There are various stable isotope studies from medieval 3 
Mediterranean collections (e.g. Alexander et al. 2015, Bourbou et al. 2011, Fuller et al. 2012, 4 
Reitsema and Vercellotti 2012, Salamon et al. 2008) but none from Portugal for this 5 
historical period. According to historical data, the base of the medieval diet in Portugal was 6 
bread, wine, olives and olive oil (Vicente 2013). A significant part of the agriculture was 7 
focused on cereals, indispensable to make bread, the dietary staple. However, a large 8 
percentage of the harvest would have been used to pay tribute to the lords and the church 9 
(Vicente 2013). When necessary, chestnuts and sweet acorns could substitut the bread 10 
(Vicente 2013) and some legumes could have been reduced to flour when there was a lack 11 
of cereals (Gonçalves 2004).  12 
Meat was considered the food of the powerful, who consumed it in abundance 13 
(Gonçalves 2004). Cattle were not abundant, in contrast to sheep and goat, and only pigs 14 
were purposely raised for meat production (Gonçalves 2004). Acorns were frequently used 15 
to feed the livestock, especially the swine (Vicente 2013). Other sources of meat were 16 
chicken, duck, goose, pigeon, turtledove and pheasant as well as a variety of game 17 
(Gonçalves 2004). While hunting was a ludic activity for the lords, for the peasants it could 18 
represent the only access to meat and a way to get money from its sale (Vicente 2013). As 19 
the economic system started relying more on agriculture based around cereals the access to 20 
meat became more difficult, especially combined with hunting limitation imposed by the 21 
lords. In addition to hunting there was also some foraging from which the peasants could 22 
collect honey before it was produced in resting fields in the 1400’s (Vicente 2013).  23 
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Eggs and cheese were part of the diet of people from all social statuses (Gonçalves 1 
2004). Salmon, flounder, hake, shad and lamprey were expensive food items, while sardines 2 
were more abundant and easy to preserve by either salting or smoking them (Gonçalves 3 
2004). Fish was indispensable during the numerous fast days imposed by the medieval 4 
religious calendar (Vicente 2013). Still, fish was consumed mostly in the littoral despite its 5 
presence in the Portuguese rivers (Gonçalves 2004). Fishing in rivers was limited, due to 6 
angling right restricitons, reducing access to fish for individuals from low socio-economic 7 
status (Vicente 2013). Molluscs and crustaceans were part of the diet of people from all 8 
social status but were considered a “food of the poor” due to their abundance (Gonçalves 9 
2004). 10 
Fruits and legumes, fresh or dry, were consumed by both rural and urban 11 
populations. A variety of figs, olives, pears, apples, plums, peaches, cherries, pomegranates, 12 
walnuts, almonds, hazelnuts and chestnuts as well as lupin beans, beans, peas, chickpeas, 13 
lentils, cabbage, turnips, lettuce, spinach, carrots, eggplants, onions and garlic (Gonçalves 14 
2004, Vicente 2013) were very important sources of vitamins and minerals. Wine was 15 
accessible to all social statuses, from childhood to elderly age, watered down and 16 
sweetened with honey and spices (Gonçalves 2004). 17 
Tomar’s collection is particularly interesting as it represents a Templar town, with its 18 
own rules. The historical bibliography (Barber and Bate 2002) suggests that the amount of 19 
meat consumption in Templars was lower than in individuals with similar social status and 20 
the vegetables intake higher, which Franceschi et al. (2014) associate with their longevity. 21 
Müldner et al. (2009) observed different isotope ratios between bishops and the general 22 
population in Scotland, suggesting that the bishops had higher fish intake than the rest of 23 
the population, possibly related to religious fasting. It is possible that these dietary 24 
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restrictions could reflect in the population as angling and warren rights belonged to the 1 
Military Orders, which also had large extensions of land from which they received tribute 2 
(Vicente 2013). In Tomar, merchants, crafters and farmers participated actively in the local 3 
army alongside with knights, raising their status (Conde 1996) and likely having access to 4 
similar food resources to the Templars. 5 
Tomar has a complex history marked by the presence of religious military orders and 6 
probably frequent movement of people and goods. Since there are no published stable 7 
isotope data from Portugal close to this chronology, the available dietary information rely 8 
on historical data. Historical data suggest that the Portuguese diet was diverse, but bread 9 
was the base of people diet despite their social status. Still, there may be large dietary 10 
differences between individuals from different socio-economic groups, or as a result of the 11 
large chronology of this collection (11th – 17th centuries). 12 
2.2. Stable isotope analysis (SIA) 13 
Isotopes are atoms of the same element with the same number of protons but different 14 
number of neutrons. As the atomic mass is determined by the number of protons and 15 
neutrons, an extra neutron makes the nucleus heavier but does not affect most chemistry 16 
that is related to reactions in the electron shell. Fractionation is the basis for stable isotope 17 
variation in biological and geochemical systems (Fry 2006). In kinetic reactions the light 18 
isotopes usually react faster, while the heavy isotopes concentrate where bonds are 19 
strongest and the sources recombine completing the isotope cycle (Fry 2006). The stable 20 
isotope ratios compare a sample to a set standard, positive values indicate that a sample 21 
has more of the heavy isotope than the standard and negative values indicate that a sample 22 
has fewer heavy isotopes than the standard (Katzanberg 2008). Since the alterations 23 
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resulting from fractionation are so small the isotopic composition is represented as per mil 1 
(‰) and presented with the relative difference between R’s isotopic ratio through the 2 
expression: 3 
δ (‰) =  [R(sample) / R(standard) – 1] x 1000, 4 
where 5 
R = HF / LF and 6 
F = fractional abundance of the heavy (HF) or light (LF) isotope. 7 
To determine the isotope values for the carbon, the international reference standard 8 
(Hoefs 1997, Coplen 1994) is the PeeDee Belemnite (PDB) from the marine fossil 9 
Belemnitella americana, to the nitrogen the standard is the atmospheric air or Ambient 10 
Inhalable Reservoir (AIR), so: 11 
δ13C (‰) = [(13C/12C)sample / (
13C/12C)PDB -1] x 1000 12 
δ15N (‰) = [(15N/14N)sample / (
15N/14N)AIR-1] x 1000 13 
It is possible to use a wide variety of tissues in stable isotope analysis, from bone and 14 
teeth to nails, hair and blood, reflecting different time periods in an individual life. The first 15 
one to be used in an archaeological context was the bone collagen. Although bone collagen 16 
degrade over time it is often preserved long after burial, depending on the burial 17 
environment (Schwarcz and Schoeninger 1991, Stafford et al. 1988) and it has been found 18 
collagen fibre remains in fossils dating at least to the Cretaceous (Schweitzer et al. 2009, 19 
Bertazzo et al. 2015). Carbonate, present in the mineral portion of bone, is another source 20 
of carbon in both bones and teeth (Katzenberg 2008), especially when collagen is not well 21 
preserved (Lee-Thorp 1989, Lee-Thorp and Sponheimer 2006, Sponheimer and Lee-Thorp 22 
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1999). However, while collagen stable isotope ratios reflect mainly ingested protein, stable 1 
isotope ratios in biological apatite reflect whole diet (Ambrose and Norr 1993, Krueger and 2 
Sullivan 1984). 3 
Stable isotopic analysis is a way to directly follow and trace details of element cycling 4 
of organic matter (Fry 2006) and it use as a way to infer diet started in the late 70’s, with the 5 
pioneer works from Vogel and van der MerI (1977), van der MerI and Vogel (1978) and 6 
DeNiro and Epstein (1978) focusing on carbon ratios. Later, DeNiro and Epstein (1978, 7 
1981), Schoeninger et al. (1983), Minagawa and Wada 1984, Schoeninger and DeNiro (1984) 8 
and Ambrose and DeNiro (1987) applied the stable isotopic analysis to the nitrogen 9 
enrichment within food webs.    10 
Analysis of stable isotope ratios from mineralized tissue has been widely used for 11 
dietary reconstruction. This technique is based on the assumption that “you are what you 12 
eat (plus a few ‰)” (DeNiro and Epstein 1976), as a consumer`s tissues reflect the isotopic 13 
signature of the ingested foods. However, stable isotope ratios can be compromised by 14 
other factors, such as physiological stress (D’Ortenzio et al. 2015, Fuller et al. 2005, Gaye-15 
Siesseger et al. 2004, Hobson and Clark 1992, Hobson et al. 1993, Oelbermann and Scheu 16 
2001, Steele and Daniel 1978) or pathological conditions (Katzenberg and Lovell 1999, Olsen 17 
et al. 2014). Habitat, body size, metabolism and digestive physiology are other factors that 18 
may confound diet/tissue relationships (e.g.Metges et al. 1990, Schoeninger et al. 1997, 19 
1998, 1999, Cerling and Harris 1999, Passey et al. 2005). Another one of the limitations on 20 
using bone collagen for diet estimation is that bone collagen do not reflect whole diet but 21 
only protein intake (e.g. Froehle et al. 2010). 22 
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Stable isotopic analysis can address questions in human biology about diet, mobility 1 
and nutritional stress. Although initially applications of stable isotope analysis were mostly 2 
directed to diet reconstruction thereafter it has been addressed to questions that include 3 
determining the duration of breastfeeding, effects of disease processes and determination 4 
of migration patterns. Lately, SIA has expanded from paleoanthropology and bioarchaeology 5 
to applications among living humans, becoming a tool even more important for 6 
understanding dietary habits and physiology. 7 
2.2.1. Carbon stable isotopes 8 
The carbon cycle involves active exchanges of CO2 among the atmosphere, terrestrial 9 
ecosystems and the surface ocean. Most of the active carbon in the cycle is in the 10 
bicarbonate form dissolved in the ocean (about 1‰) and withdraw -8‰ during 11 
fractionation to the atmospheric CO2 (Fry 2006). During photosynthesis the plants use the 12 
atmospheric CO2 as a carbon source. This process results in isotopic fractionation, with a 13 
decrease in the heavier carbon isotope (13C), once the lighter isotope (12C) is preferentially 14 
incorporated in the plant’s tissues (Schoninger and DeNiro 1984). However, the 15 
fractionation during photosynthesis varies depending on the photosynthetic carbon fixation 16 
by plants: C3 pathway (Calvin-Benso cycle), C4 pathway (Hatch-Slack cycle) or CAM pathway 17 
(crassulacean acid metabolism) (Chisholm 1989). Most CAM plants are succulents, while C3 18 
plants include most vegetables and fruits, wheat, rice and nuts. C4 plants have as examples 19 
sugar cane, maize, sorghum, African millets and tropical pasture grasses (Smith 1972). The 20 




C4 plants discriminate against the isotopically heavier 
13C isotope when using CO2, as 1 
a result C4 plants have a less negative δ
13C values (averaging – 12,5 ‰, Vogel 1978, 2 
Chisholm 1989) than C3 plants (averaging – 26,5 ‰, Vogel 1978, Chisholm 1989) and CAM 3 
plants. The CAM plants have δ13C values between C3 and C4 plants (Katzenberg 1992) but in 4 
hot arid regions their isotope values are similar to the ones found in the C4 plants 5 
(Schoeninger 1995).  These isotopes ratios have an impact on the food webs isotope values 6 
due to the correlation between the animal’s tissues δ13C values and their diet (DeNiro and 7 
Epstein 1978, Teeri and Schoeller 1979). There is enrichment in 13C on the animal’s body 8 
tissues relatively to their diet caused by the fractionation that occurs during the tissue’s 9 
formation (van der MerI and Vogel 1978). The consumers have a fractionation factor 10 
(enrichment in 13C) of approximately 5‰ on their bone collagen relatively to their diet (van 11 
der MerI and Vogel 1978, Ambrose and Norr 1993) and an enrichment of 1‰ between 12 
trophic levels (DeNiro and Epstein 1978, Tieszen et al. 1983), although the trophic level 13 
enrichment is not yet completely understood (van Klinken et al. 2000, Bocherens and 14 
Drucker 2003). 15 
In marine plants the main carbon source is dissolved carbonate (0‰), instead of 16 
atmospheric CO2 (-7‰), therefore, this difference reflects on the δ
13C values in mammal’s 17 
tissues feeding from these two different ecosystems (Tauber 1981, Chisholm et al. 1982, 18 
1983). Marine plants have δ13C values between the extremes of the terrestrial C3 and C4 19 
plants (Katzenberg 1992, Schoeninger 1995). The average δ13C value for phytoplankton is 20 
approximately -19‰ (Chisholm et al. 1982, Chisholm 1989). Like in the terrestrial plants 21 
there is an enrichment of 5‰ in the phytoplankton consumers and approximately 1‰ 22 
between trophic levels (Chisholm 1989). Although it is possible to analyse shifts in dietary 23 
habits and exploration of coastal areas (e.g. Chisholm et al. 1982, Schoeninger et al. 1983, 24 
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Tauber 1981) there are some limitations when estimating the importance of marine foods in 1 
the diet using only δ13C values: it is only valid in the absence of C4 plants (Schoeninger and 2 
DeNiro 1984). 3 
The δ13C values on bone collagen can also help identifying freshwater food sources. 4 
Katzenberg and Weber (1999) observed a range of - 14,2 to - 24,6 ‰ in fish bones. 5 
Freshwater fish exhibit variation in δ13C values depending on the ecosystem as freshwater 6 
plants have numerous sources of carbon, unlike terrestrial plants (Zohary et al. 1994, Dufour 7 
et al. 1999). 8 
2.2.2. Nitrogen isotopes 9 
Most nitrogen in the biosphere is present as N2 gas in the atmosphere (with an isotope 10 
composition near 0‰) and the δ15N values present on the organisms vary depending on 11 
how the nitrogen enters the biological domain of the ecosystems (Fry 2006). The nitrogen 12 
cycle has various microbially-driven processes responsible by the chemical reactions that 13 
change the nitrogen components. During the nitrogen fixation, N2 is converted into 14 
biologically available nitrogen by nitrogen-fixing organisms (free-living or symbiotic). 15 
Nitrification consists in oxidation of ammonium compounds in organic material (ammonia) 16 
into nitrates by soil bacteria making the nitrogen available to plants. Anammox, which was 17 
only recently described (Strous et al. 1999) is a type of ammonia oxidation but occurs under 18 
anoxic conditions. Ammonification consists in the decomposition of organic material by 19 
fungi and prokaryotes releasing inorganic nitrogen back into the ecosystem as ammonia. 20 
Finally, during denitrification the nitrates are converted into nitrogen gas which is then 21 
released into the atmosphere.  22 
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Legumes have a symbiotic relationship with bacteria of the genus Rhizobium 1 
(nitrogen-fixing organisms) forming nitrogen-fixing nodules on the plants roots. This more 2 
direct way to access nitrogen results in δ15N values for the legumes closer to that of 3 
atmospheric nitrogen. Non leguminous plants on the other hand are more enriched in 15N, 4 
once they receive the nitrogen from decomposed organic matter (nitrification or 5 
ammonification). Their δ15N values are closer to the ones found in the soil (10‰, Shearer 6 
and Kohl 1989). In terrestrial ecosystems there is an increment shift by 3 to 5‰ between 7 
trophic levels when compared with the consumers’ diet (Schoeninger et al. 1983, Minagawa 8 
and Wada 1984, Schoeninger and DeNiro 1984, Bocherens and Drucker 2003). This 9 
fractionation allows using stable nitrogen isotopes to infer trophic level and high δ15N values 10 
usually indicate high-protein diets (Sponheimer et al. 2003a, 2003b).   11 
Nitrogen isotope ratios can also be used to differentiate between terrestrial and 12 
marine food resources (e.g. DeNiro and Epstein 1981, Schoeninger et al. 1983, Richards and 13 
Hedges 1999), especially when combined with carbon stable isotope values. Marine plants 14 
have δ15N values approximately 4‰ higher than terrestrial plants (Ambrose et al. 1997). 15 
Animals feeding exclusively from terrestrials resources have δ15N values for bone collagen 16 
lower than 9‰ while the ones feeding exclusively from marine sources have δ15N values 17 
higher than 15‰ (Schoeninger et al. 1983).The stable isotopes fractionation also occurs in 18 
marine ecosystems with δ15N values of approximately 3‰ alongside the trophic webs 19 
(Minagawa and Wada 1984, Schoeninger and DeNiro 1984). 20 
The δ15N values can also be used to analyse access to fresh water resources, once 21 
organisms in these ecosystems have similar δ15N values to the ones found in marine 22 
ecosystems (van Klinken et al. 2000). However, lakes are more variable in isotope 23 
composition than the ocean (Fry 2006). Bonsall et al. (2000) observed δ15N values of 24 
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approximately 11‰ in fresh water fishes. Other studies recorded values from 10 to 14‰ in 1 
fishes from lakes and values between 7 and 9‰ in fishes from rivers (Katzenberg 1989, 2 
Hobson 1990, Hesslein et al. 1991).  3 
There are other factors that can raise the δ15N values, such as water (Virginia and 4 
Delwiche 1982, Shearer et al. 1983, Ambrose and DeNiro 1986, Heaton et al. 1986, Heaton 5 
1987, Sealy et al. 1987), physiological (Katzenberg and Lovell 1999, Oelbermann and Scheu 6 
2001, Gaye-Siesseger et al. 2004, Vogel et al. 2012, Deschner et al. 2012, D’Ortenzio et al. 7 
2015) and protein stress (Steele and Daniel 1978, Hobson and Clark 1992, Hobson et al. 8 
1993).  In arid ecosystems more urea is excreted relative to the total volume of urine, so 9 
there is more 14N loss while 15N is retained in body tissues resulting in δ15N values increase 10 
(Ambrose and DeNiro 1986). The δ15N values can also detect changes in nutrition without 11 
starvation, as observed in primates to whom food was always available but digestible 12 
energy content varied (Vogel et al. 2012, Deschner et al. 2012). During insufficient protein 13 
intake, new proteins are synthesized from the products of catabolism of existing protein 14 
which leads to a 15N enrichment due to the 14N excretion (Hobson and Clark 1992, Hobson 15 
et al. 1993). It is important to keep in mind that there is a wide variety of factors responsible 16 
for high δ15N values that can lead to incorrect dietary interpretations (Katzenberg 2008). 17 
2.2.3. Sulphur stable isotopes 18 
One of the largest sulphur reservoir found on earth is the ocean, in the sulphate form, which 19 
fixation by phytoplankton occurs with a small isotope effect (1 to 2‰) while sulphate 20 
reduction in marine sediment occurs with a larger effect (30 to 70‰, Fry 2006). Although 21 
sulphur is primarily found in sedimentary rocks or ocean water, it is particularly important 22 
for living organisms, playing an important role in protein structure (Ingenbleek 2006). There 23 
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are two important types of bacteria for the sulphur cycle in both the terrestrial and the 1 
aquatic part of the cycle: sulphur-oxidizing bacteria (SOBs) and sulphur-reducing bacteria 2 
(SBRs). SRBs convert sulphate into reduced sulphur, such as hydrogen sulphide (Fry 2006). 3 
SOBs oxidize sulphides into sulphate, which can be absorbed by the plants, as well as 4 
sulphur dioxide, which is taken through photosynthesis (Fry 2006). 5 
Recent advances in mass spectrometry and methodology development (Giesemann 6 
et al. 1994, Morrison et al. 2000, Richards et al. 2001) following the work of Leach et al. 7 
(1996) allow an easier and more frequent analysis of δ34S values. These values can be useful 8 
in discriminating between C3 and C4 plants, Richards et al. (2003) observed a decrease of 9 
1‰ in the consumers’ tissues when compared with the C3 plant used in their diet and an 10 
increase of 4‰ in the tissues’ δ34S values from the C4 plant diet. Since δ
34S values are very 11 
variable depending on the geology of different places, the use of sulphur isotopes analysis 12 
can not only give some information about the diet but also the origin of food sources, to an 13 
extend (Bol and Pflieger 2002, Nehlich 2015). 14 
Sulphur isotope analysis can shed some light on the use of fresh water and marine 15 
resources (Nehlich 2015), especially when combined with the carbon and nitrogen stable 16 
isotope analysis. The mean δ34S values in the ocean is 20‰ (Ault and Kulp 1959, Thode et al. 17 
1961, Rees et al. 1978, Bӧttcher et al. 2007) while the δ34S values in fresh water vary 18 
between 0 and 10‰ (Nriagu et al. 1991) and riverine ecosystems have δ34S values between 19 
-5 and 15‰ (Ivanov 1983, Hoefs 2006). Sea spray sulphates have δ34S values of 20‰ 20 
(Nielsen 1974, Norman et al. 2006) affecting the soil δ34S values, which varies from 10 to 21 
18‰ within a distance of 30km (Wakshal and Nielsen 1982, Mizota and Sasaki 1996). Sea 22 
spray also affects riverine ecosystems between that same distance (Cortecci et al. 2002). 23 
Marine ecosystems do not have a high δ34S variation (Fry 1988, Krouse and Herbert 1988, 24 
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Thomas and Cahoon 1993, Kwak and Zedler 1997, Hoekstra et al. 2002, Nehlich et al. 2003, 1 
Beavan-Athfield et al. 2008). However, δ34S values in fresh water ecosystems are highly 2 
dependent from the local geology and source of water sulphates (Nehlich 2015). Hesslein et 3 
al. (1991) observed a range of δ34S values between less than 5 to 35‰ in rivers fish. The 4 
fresh water ecosystems have an important impact also on terrestrial δ34S values, especially 5 
if the fauna fed on the floodplains of a river (Nehlich et al. 2011).  6 
The isotopic fractionation of sulphur between trophic levels is highly variable 7 
(Peterson et al. 1985, 1986, Katzenberg and Krouse 1989, Gonzalez-Martin et al. 2001, 8 
McCutchan et al. 2003, Richards et al. 2003, Barnes and Jennings 2007, Tanz and Schmidt 9 
2010) with a δ34S average of 0,5 ± 2,4‰ on the consumers tissues when compared with 10 
their diet (Nehlich 2015). 11 
2.3. Health 12 
2.3.1. Bone turnover 13 
Bone is a physiologically active tissue, repairing itself when damaged at a microscopic and 14 
macroscopic scale via the constant remodelling and replacement of bone. During growth, 15 
bone is remodelled to meet its mechanical demands by combining mechanical resistance 16 
with a minimum use of material (Wolff et al. 1986). Bone mass and its architecture are 17 
continuously being adapted to the prevailing mechanical loads. Parfitt (1994) estimated that 18 
in humans 3% of cortical bone and 25% of trabecular bone are re-absorbed and replaced 19 
each year. The bone turnover rate also varies between the different bones and age of the 20 
individual (e.g. Fahy et al. 2017, Skedros et al. 2013, Hedges et al. 2007, Hollinger 2005, 21 
Seibel 2005, Parfitt 2002). 22 
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 Bone remodelling is initiated by the appearance of osteoclasts that start re-1 
absorbing bone in response to signals that may relate with local damage (Burr et al. 1996) or 2 
osteocyte death (Tapscott 2005, Gabetet al. 2004, Bronckerset al. 1996). Osteoclasts are 3 
responsible for the re-absorption of bone tissue, through mineral dissolution and organic 4 
matrix degradation (Bab and Sela 2012). Osteoblasts are then recruited, produce and 5 
regulate bone matrix and mineralization during the development, remodelling and 6 
regeneration. The intercellular communication between osteoblasts and osteoclasts is 7 
crucial to bone homeostasis (Xu et al. 2005). The osteoblastic cells control the growth and 8 
function of osteoclastic cells by expressing specialised molecules that bind to osteoclasts 9 
(Teitelbaum and Ross 2003, Teitelbaum 2000). However, the mechanism in which 10 
osteoblasts and osteoclasts communicate and coordinate bone remodelling is still not fully 11 
understood. The osteoblasts and osteocytes (mature form of the osteoblast) connect with 12 
the embedded cells and mineralization of the matrix completing the osteocytic maturation, 13 
which is responsible for function and metabolism of bone tissue. 14 
Bone formation occurs in two distinct stages: bone matrix formation and bone 15 
matrix mineralization (Li and Jee 2005). During the bone matrix formation the osteoblasts 16 
synthesize and secrete type I collagen fibres orderly parallel oriented to form multilayer 17 
lamellar sheets. As the layers of lamellar sheets accumulate some osteoblasts are housed in 18 
lacunae and differentiate into osteocytes establishing a three dimensional osteocytic 19 
network through the entire bone. The mineralization process occurs then by hydroxyapatite 20 
deposition in the gap regions of the mature bone matrix, advancing from the mineralization 21 
front to the upper lamellar layer. During growth the remodelling process is responsible for 22 
converting woven bone in lamellar bone. In adulthood the remodelling process is the 23 
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physiological mechanism responsible for replacing aged or damaged bones balancing bone 1 
formation and re-absorption. 2 
Although the bone is a relatively elastic tissue and resistant to external forces a 3 
repetitive mechanical stress or a force strong enough to exceed the natural bone structure 4 
might cause a fracture (Aufderheide and Rodríguez-Martín 1998, Rodríguez-Martín 2006). 5 
Skeletal injuries initiate a multifaceted healing process and according with Boer et al (2015) 6 
4 to 7 days after a bone fracture it is microscopically visible the lesion margins eroded by 7 
osteoclasts, smoothening them. The phases of bone healing are similar to the ones 8 
observed in osseous growth and development (Caplan 1987, Vortkamp et al. 1998, 9 
Schneider and Helms 1998, Shapiro 2008, Marzona and Pavolini 2009). The healing process 10 
of a fracture consists is three different phases: cellular, metabolic and mechanical. Ingle et al 11 
(1999) as well as Veitch et al (2006) registered bone loss at both proximal and distal sites 12 
from the fracture, however, the bone loss was greater distal to the fracture than proximal to 13 
it (Ingle et al. 1999).  The re-absorption markers increase later than the formation markers, 14 
indicating that the early increase in bone markers reflects the callus formation and the later 15 
changes represent the callus remodelling (Ingle et al. 1999).  16 
Depending where and at what speed the bone tissue develops, its microarchitecture 17 
varies. In woven bone the collagen fibrils are randomly organized (e.g. Chappard et al. 18 
2011). Woven bone has a very rapid growth and in adults is indicative of an aggressive 19 
abnormal bone formation active at the time of death (Rana et al. 2009, Roberts and 20 
Manchester 2007). The presence of woven bone in adults is the result of abnormal bone 21 
tissue growth that may be related with bone fractures healing, neoplasms, response do 22 
infection or simply inflammation of the tissues near the bone (Ortner 2003). Although 23 
infections are among the most common causes of the inflammatory response, not all such 24 
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responses are caused by infection (Bush 1989). In chronic conditions woven bone tends to 1 
be replaced by compact bone (Rana et al. 2009, Turner-Walker 2008), a mature, highly 2 
organized tissue characterized by regular parallel bands of collagen (Young at al. 2006).  3 
Infection occurs when the body encounters pathogenic organisms while 4 
inflammation is the body’s vascular response to tissue damage (Weston 2008). 5 
Osteomyelitis is an inflammation of bone and bone marrow caused by pus-producing 6 
bacteria and clinically may show three different stages: acute, sub-acute and chronic 7 
(Aufderheide and Rodríguez-Martín1998). Bone damage triggers the remodelling process, 8 
increasing the bone turnover rates (Cho and Stout, 2001). Un-remodelled woven bone 9 
indicates active abnormal bone formation at the time of death since in chronic conditions 10 
woven bone formed during an acute phase tends to be remodelled into compact bone 11 
(Turner-Walker 2008). Although the inflammation can be a response to infection it is not 12 
always caused by it. 13 
Non-pathological bone turnover also varies depending on the type of bone, 14 
biomechanical load applied on the bone, age and sex of the individuals (e.g. Fahy et al. 15 
2017, Skedros et al. 2013, Hedges et al. 2007, Hollinger 2005, Seibel 2005, Parfitt 2002). 16 
While, for example, trabecular bone may be completely renewed between three to four 17 
years, the complete skeletal turnover for cortical bone may take over 25 years (e.g. Hedges 18 
et al. 2007, Hollinger 2005). Weight-bearing bones are expected to have high turnover rates 19 
as the biomechanical load triggers the remodelling process (Cho and Stout 2011). The 20 
biomechanical load is also variable between individuals, depending on their physical 21 
exercise. Bone turnover rate is higher in non-adults than in adults (Seibel 2005, Mora et al. 22 
1998) also varying depending on the sex of the individuals (Hedges et al. 2007, Seibel 2005). 23 
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These factors that affect bone turnover, even in the absence of skeletal pathological 1 
conditions.  2 
Bone turnover is also a factor that may have an impact on stable isotope analysis in a 3 
way that is still not completely understood. While most studies in human bones did not find 4 
significant differences in stable isotope analysis from different bones of the same individual 5 
(e.g. Olsen et al. 2014, DeNiro and Schoeniger 1983). Fahy et al (2017) observed a change 6 
between -1.6‰ and -0.4‰ in carbon and 1.0‰ and 1.9‰ in nitrogen stable isotope ratios. 7 
However, the samples size was small (5 males and 5 females; Fahy et al. 2017). In animal 8 
bones various studies have reported significant differences in stable isotope ratios of 9 
different bones from the same individual (e.g. Brady et al. 2008, Larson and Longstaffe 2007, 10 
Balasse et al. 1999). 11 
2.3.2. Indicators of disease and physiological stress 12 
Health is a complex state that can be reflected through skeletal indicators of physiological 13 
stress (Temple et al. 2014). Physiological stress is the result of the disequilibrium in an 14 
individual physiology, which can be related with a wide variety of factors such as disease, 15 
nutritional deficiencies and strenuous biomechanical effort (Zuckerman and Armelagos 16 
2011, Armelagos 2003, Goodman and Martin 2002, Huss-Ashmore et al. 1992). The 17 
interpretation of stress indicators is very important when reconstructing the health status of 18 
past populations, as well as their adaptation and physiological response to those situations 19 
(Goodman and Martin 2002, Larsen 1997). Chronic diseases or long periods of physiological 20 
stress have a higher impact on longevity rather than isolated incidents, which can be 21 
overcome during growth (Watts 2015, Palubeckaite et al. 2002, Stodder 1997). 22 
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Nutritional stress may result in either greater susceptibility to physiological stress or 1 
greater resilience to stress later in life (Bogin et al. 2007). Even though systemic 2 
physiological stress is not directly observable in the skeleton its consequences, in some 3 
cases, are (Klaus 2014). Skeletal indicators of physiological stress, such as low stature and 4 
periostitis, have also been related with long-term effects on health throughout reduced 5 
lifespan (Watts 2013) and increased risk of death during epidemics (DeWitte and Wood 6 
2008).  7 
Disease and periods of physiological stress during childhood can result in an 8 
increased risk of early mortality and disease in adult life (Barker and Osmond 1986, Barker 9 
et al. 1989, Power and Peckham 1990, Blackwell et al. 2001). The cessation or slowing of 10 
long-bone growth, a consequence of physiological stress, can result in a decrease in the 11 
potential stature of the individual, known as stunting (Saunders and Hoppa 1993, WHO 12 
2013). The adult stature of an individual results from the accumulation of different 13 
frequency and amount of growth during each life event (Lampl 2012), which may cause  14 
permanent small stature, particularly in females (Bose, 2018). Stature has been shown to be 15 
sensitive to both environmental conditions (such as nutrition and disease) and physiological 16 
factors (Jantz and Owsley 1984) and stunted growth is one of the main complications that 17 
can result from chronic inflammation and infection in juvenile individuals (Pinhasi et al. 18 
2005). Poverty may exacerbate stunting, perpetuating the vicious cycle as vulnerability to 19 
malnutrition and disease grows. Nutrients such as vitamin A, zinc, protein and total calories 20 
ingested have a very important role in growth maintenance, as well as other factors 21 
intervening between diet and nutritional status like work and disease loads (Allen 1984). 22 
Stature reveals developmental trends, environmental stress such as nutritional deficits and 23 
evolutionary relationships (Moore and Ross 2013), being an important indicator of relative 24 
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nutritional health, as poor childhood health and nutrition reflect in adult stature. There is 1 
evidence that nutritional interventions in girls are associated with substantial increases in 2 
the growth of their offspring (Behrman et al. 2009). Shorter individuals usually reach 3 
reproductive maturity earlier stages and die at younger ages (Metcalf and Monaghan 2001, 4 
Walker et al. 2006, Kuzawa 2007, Stock and Migliano 2009).  5 
Enamel hypoplasias are also a consequence of systemic physiological stress, such as 6 
malnutrition or disease, which disturbs the enamel formation during growth (Hillson 1996). 7 
Once formed, the enamel hypoplasias become permanent. These stress indicators are 8 
frequently associated with reduced longevity (Goodman and Armelagos 1988, DeWitte and 9 
Wood 2008). Still, Watts (2015) found no evidence of the impact of enamel hypoplasias on 10 
long term survival. Some researchers (e.g. Palubeckaite et al. 2002, Stodder 1997) suggest 11 
that it is the number of defects per tooth, and not only its presence, that has a strong 12 
association with age-at-death. These studies indicate that chronic diseases or long periods 13 
of physiological stress have a larger impact on longevity than isolated incidents that can be 14 
overcome during growth.   15 
Porotic hyperostosis and cribra orbitalia are indicators of physiological stress 16 
frequently considered to be indicative of iron-deficiency anaemia (Facchini et al. 2004, 17 
Goodman and Martin 2002, McIlvaine 2013) but their aetiology still is not completely 18 
understood. These stress indicators can also be related to sickle cell anaemia, vitamin 19 
deficiencies, parasites or infectious pathologies (Brickley and Ives2008, Facchini et al. 2004, 20 
Goodman and Martin 2002, Larsen 1997, Oxenham and Cavill 2010, Suby 2014, Walker et al. 21 
2009, Wapler et al. 2004). 22 
Tibial periostitis is frequently used as an indicator of physiological stress (e.g. Robb 23 
et al. 2001). Woven bone formation can also be considered an indicator of physiological 24 
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stress and is especially associated to communities with lower socio-economic status 1 
(Goodman and Martin 2002, Peck 2013), systematic infections (Goodman and Martin 2002, 2 
Ortner 2003) and malnutrition (Weston 2012). However, it has been argued that individuals 3 
with healed periostitis are of lower frailty as they survived the stressor and may be more 4 
resistance to disease (e.g. DeWitte 2010, Ortner 2003, Wood et al. 1992).  5 
The presence of skeletal lesions can represent an adaptation to a pathological 6 
condition indicating that the individual survived long enough to the pathology for it to leave 7 
evidence in the skeletal tissues (Ortner 2003, Wood et al. 1992). Therefore, the individuals 8 
with skeletal pathological indicators had an efficient immunity system which allowed them 9 
to survive at least for some time to the disease. The absence of osteological stress markers 10 
does not necessarily mean low level of physiological stress. The absence of skeletal lesions is 11 
ambiguous and can indicate either a good health status or a fast death as consequence of an 12 
acute disease (DeWitte and Stojanowski 2015, Siek 2013, Wood et al. 1992). Frail individuals 13 
would have died before registering skeletal lesions and therefore without evidence of 14 
disease, while skeletal lesions are the result of the struggle to adjust to the stressor (Wood 15 
et al. 1992).  16 
The use of multiple indicators, such as biocultural and biosocial aspects, helps 17 
discerning patterns of health (Agarwal and Glencross 2011, DeWitte and Stojanowski 2015, 18 
Goodman and Martin 2002, Wright and Yoder 2003). Identifying and controlling potential 19 
sources of heterogeneity, like sex or age, also reduce the limitations of using aggregate 20 





2.3.3. Synergy between diet and health 1 
Infectious pathologies, especially when linked with undernutrition, are the largest 2 
contributor to morbidity and mortality worldwide (WHO 2009). The study of nutrition-3 
infection interactions is important to understand the complexity of the relationships of 4 
these factors with immunological status, co-morbidity and mortality (Ulijaszek et al. 2012). 5 
The complex relationship between nutrition and immunity to pathogens has received 6 
increasing attention in modern populations. In ancient pre-antibiotic populations this 7 
context has been little considered. Still, archaeological collections are pre-antibiotic allowing 8 
a more direct study of human-pathogen co-evolution and may helderly important lessons at 9 
a time when the continued supply of effective antibiotics is under threat. For these reasons 10 
bioarchaeological collections are a good model to study diet and health without the 11 
confounding factor of modern medicine. 12 
Health and good nutrition shape human populations and are key for human 13 
happiness and wellbeing. Good nutrition increases the immune system’s response to 14 
pathogens (e.g. Woodward 2001, Calder 2013), while immune deficits following 15 
malnutrition early in life have been shown to persist for years (e.g. MacDade 2005, Reitsema 16 
et al. 2016). Most of the modern developing countries still struggle to decrease malnutrition 17 
and infectious diseases (WHO 2009, Doak et al. 2005). The richness and prevalence of 18 
human pathogens in the environment are related to climate and animal species diversity 19 
that can be pathogens’ hosts (Dunn et al. 2010). The susceptibility to infection, on the other 20 
hand, relies on genetics (Cooke and Hill 2001), environmental factors and nutritional state 21 
(e.g. Woodward 2001). 22 
Malnutrition impairs the immune system (e.g. Calder 1991, Scrimshaw and 23 
SanGiovanni 1997). Individuals with poorer nutrition are less resistant to infectious diseases, 24 
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and infectious disease decreases nutrient availability (e.g. Martorell 1980, Mata et al. 1971). 1 
The effect of protein-energy malnutrition on aspects of immune function and susceptibility 2 
to infection (e.g. Kuvibidila et al. 1993, Scrimshaw and SanGiovanni 1997, Woodward 1998, 3 
Woodward 2001) affects practically all forms of immunity, in particular cell mediated 4 
immunity (Kuvibidila et al. 1993, Woodward 1998, 2001), immune barrier function (Deitch 5 
et al. 1990, Sherman et al. 1985) and the functioning of lymphoid organs (Lee and 6 
Woodward 1996). On the other hand, infections can decrease nutrient availability due to 7 
malabsorption (e.g. Mitra et al. 1997) and increase resting energy expenditure, altering the 8 
metabolism and redistribution of nutrients (Calder 2013). However, if nutrition is adequate, 9 
diseases like tuberculosis may have a less severe infection, instead of an exacerbated one, 10 
resulting in prolonged chronic infections with a higher probability to affect the skeleton 11 
(Ulijaszek et al. 2012). 12 
Infections can also inhibit physical growth by negatively affecting nutritional status, 13 
through decreased food intake, impaired nutrient absorption, direct nutrient losses, 14 
increased metabolic requirements, catabolic losses of nutrients, and impaired transport of 15 
nutrients to specific tissues (Ulijaszek et al. 2012). 16 
 17 
2.3.4. Stable isotope analysis and physiological stress 18 
There are three possible balance conditions in stable isotope values of nitrogen and carbon: 19 
tissue maintenance in healthy adults, positive balance associated with tissue gain during 20 
growth and negative balance related with tissue loss during stress (e.g. Jim et al. 2006, Fuller 21 
et al. 2004).  22 
During tissue maintenance, the same amount of nitrogen ingested is excreted and 23 
bone collagen reflects the ingested protein from diet (e.g. Champe et al. 2008). D’Ortenzio 24 
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et al. (2015) suggested that short-term fluctuations of δ15N values may be the result of 1 
changes in the metabolic balance of an individual.  2 
During prolonged periods of disease, nutritional or physiological stress, dietary 3 
protein cannot adequately replace nitrogen losses (Powanda 1977, Grossman et al. 1945). 4 
When in physiological stress body tissues are recycled and used as a protein source, 5 
resulting in enriched in 15N and consequently high δ15N values. An increase in δ15N may be 6 
an indicator of lean mass loss during nutrient deprivation (Lee et al. 2012). Diseased 7 
patients may lose more than 20% of body protein (Wolfe et al. 1983), increasing morbidity 8 
and mortality while delaying the recovery from the illness (Petterson et al. 1993). The loss of 9 
body protein mobilizes the body’s amino acids to support crucial metabolic functions (Papet 10 
et al. 2002, Mansoor et al. 1996, Breuillé et al. 1994). Nutritional stress reduces the 11 
production and the maturation of immune cells impairing the immune system (Papet et al. 12 
2002, Walrand et al. 2001, Walrand et al. 2000, Chandra 1997). The hypermetabolic 13 
response to infection, such as inflammation, fever and immune activation, changes the body 14 
protein homeostasis leading to a negative nitrogen balance and a redistribution of body 15 
proteins (Biolo et al. 1997). Additionally, infectious diseases are also associated with the 16 
development of anorexia. The fasting metabolic state, caused by the anorexia, acts as an 17 
infection inhibitor in different species, from insects to humans (Wang et al. 2016), but 18 
results in a high catabolic state (Englert and Rogers 2016). Therefore, changes in stable 19 
isotope ratios in individuals with infectious diseases are a result of both nutritional stress 20 
and the infection itself. 21 
In humans 15N enrichment has been observed in osteoporotic bones (White and 22 
Armelagos 1997), in skeletal lesions of infectious origin (Olsen et al. 2014, Katzenberg and 23 
Lovell 1999), in a probable paleopathological case of celiac disease (Scorrano et al. 2014) 24 
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and in the hair of patients with anorexia (Neuberger et al. 2013, Mekota et al. 2006), all 1 
related with fasting and wasting.  2 
While increases in δ15N in tissues are frequently associated with fasting or nutritional 3 
stress (e.g. Alamaru et al. 2009, Boag et al. 2006, Fuller et al. 2005, Scrimgeour et al. 1995, 4 
Hobson et al. 1993), this pattern has not always been registered (e.g. Mayor et al. 2011, 5 
McFarlane et al. 2010, McCue and Pollock 2008, Kempster et al. 2007, Castillo and Hatch 6 
2007). It is still not clear how the different tissues, particularly bone tissue, are affected by 7 
the body’s net loss of light nitrogen or the mechanisms underlying changes in δ15N during 8 
physiological stress. Recycled carbon from fat deposits, on the other hand, results 12C 9 
enrichment leading to a decrease in δ13C values (Neuberger et al. 2013). δ13C decrease was 10 
observed in dentin of children who went through the Irish famine (Beaumont and 11 
Montgomery 2013).  12 
Despite during fasting, catabolism and anabolism becoming unbalanced this does 13 
not occur in the same manner across the different tissues of an individual. In muscle 14 
catabolism exceeds anabolism during fasting, and protein synthesis ceases (Waterlow 2006, 15 
Hasselgren 2000, Cherel et al. 1991). However, in the liver protein synthesis continues, even 16 
if at levels below normal, or increases with catabolism, increasing the demand for amino 17 
acids (Breuillé et al. 1994, Waterlow 2006, Cherel et al. 1991, Garlick et al. 1975). 18 
Additionally, the liver contribution to the whole-body protein synthesis doubles during 19 
infections (Breuillé et al. 1994). During catabolism a decrease in 14N-containing amino acids 20 
during protein breakdown leads to an increase in the δ15N values of the tissue undergoing 21 
catabolism (Martínez del Rio and Wolf 2005, Gaye-Siessegger et al. 2007, Lohuis et al. 2007, 22 
McCue and Pollock 2008, McFarlane et al. 2010, Hobson et al. 1993). When in catabolism 23 
δ15N values are expected to increase in tissues in proportion to their use as catabolic protein 24 
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stores. However, not all animals in nutritional stress reuse amino acids from catabolism (Lee 1 
et al. 2012, Kempster et al. 2007, Williams et al. 2007, Sears et al. 2009), only if the stressor 2 
is present long enough for the tissues to be broken down (Hobson et al. 1993). In non-adult 3 
humans Waters-Rist and Katzemberg (2010) did not find δ15N increase in epiphyses, 4 
metaphyses and diaphysis of growing long bones, despite the bone turnover being faster 5 
during growth. 6 
Studies in hibernating animals contradict the catabolic model (Lee et al. 2012) which 7 
can be related with a “preparation for fasting”. Before hibernation animals build up large fat 8 
stores to support metabolic costs while an unpredicted decrease in food availability or 9 
period of disease increases metabolic costs which may rely entirely in tissue catabolism. 10 
Sepsis leads to breakdown of carbohydrate and fat reserves and protein is degraded in 11 
several organs (Van Wyngene et al. 2018).  12 
During periods of positive nitrogen balance there is more nitrogen ingested than 13 
excreted (Champe et al. 2008) which can lead to less enriched 15N or even 14N increase 14 
within the body’s tissues resulting in increased δ15N values. Signs of positive nitrogen 15 
balance have been registered during pregnancy or recovery after periods of disease or 16 
starvation (e.g. Fuller et al. 2004, 2005, Mekota et al. 2006, Harvey and Ferrier 2011). 17 
Increased δ13C values have been observed in patients recovering from starvation (Mekota et 18 
al. 2006, Neuberger et al. 2013), which may be related with an increase of meat and fat 19 




Chapter 3 1 
 2 
Sample and methodology 3 
3.1. Sample 4 
Tomar’s collection is one of the largest osteological samples in Europe with almost 7,000 5 
skeletons. As these skeletons had not been studied before, I consulted the fieldwork form of 6 
each primary inhumation (n=2,412) excavated during the 2nd phase of the excavation. An 7 
example of one of these forms can be seen it the Appendix. Unfortunately, it was not 8 
possible for me to find the forms from the 1st phase of Tomar’s excavation. The access to 9 
the forms from the 2nd phase of the excavation allowed me to transfer the information 10 
collected during the fieldwork to a spreadsheet in a quantifiable manner. For a better 11 
understanding of Tomar’s population I analysed the data collected by the archaeologists and 12 
anthropologists during the excavation. 13 
By looking at the excavation map (Figure 2.1) I analysed the individuals’ distribution 14 
within the graveyard to check if it would be possible to differentiate between different 15 
socioeconomic statuses. To better understand the population distribution within the 16 
graveyard I calculated the number of inhumations per square meter, the percentage of each 17 
age group, the ratio between adults and non-adults and the ratio between males and 18 
females in each excavated area. Proximity to church was used as a proxy for socio-economic 19 
status (Binski 1996, Daniell 1998, Graves 1989, Ottaway 1992, Platt 1981, Swanson 1989). 20 
To confirm this I also compared the percentage of structured and excavated graves within 21 
the different areas and the percentage of structured and excavated graves for each age 22 
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group. Since structured graves require more work, time and materials, they are also related 1 
with socio-economic status.  2 
Sex can also have an impact on the individuals’ socio-economic status, particularly in 3 
some societies. Tomar could have been remarkably susceptive to sex-biased socio-economic 4 
status, not only due to its chronology but also by being controlled by male religious military 5 
orders. Besides calculating the ratio between males and females within the different 6 
excavated areas, I also calculated the percentage of individuals from each age group by sex. 7 
Skeletal evidence gives an incomplete chronological record of health. Acute 8 
conditions are unlikely to register directly in bone material as they do not last long. The 9 
individuals quickly recover or die. Since frail individuals would have died without skeletal 10 
evidence of the disease (Wood et al. 1992), age at death distribution in a population can be 11 
indicative of health and survivorship as the skeletons represent the individuals who died. 12 
Populations with a large number of non-adults may be the result of environmental 13 
constrains, such as physiological stress and acute infections. While those with a large 14 
number of elderly individuals may represent populations with few environmental constrains 15 
or high resistance to stress and disease, particularly if they have physiological stress 16 
indicators. I studied these patterns within Tomar’s graveyard in an attempt to better 17 
understand the health status of the population in general. Survivorship can help 18 
differentiating between different social statuses. Children from low socio-economic status 19 
are more susceptible to disease and/or malnutrition which can lead to premature death so 20 
the number of adults and non-adults were compared between the different excavated 21 
areas.  22 
I considered the maximum length of the skeleton, measured in situ from close to the 23 
bregma to the distal point of the talus following the procedure proposed by Boldsen (1984) 24 
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as a proxy for stature. Using the measurements taken during the excavation I calculated the 1 
mean stature, by sex, for each excavated area, for the different adult age groups and the 2 
type of grave. Stature mean was also compared between the different areas, the type of 3 
grave and age intervals. Since stature is linked with physiological stress during childhood I 4 
wished to better understand if the individuals with higher socio-economic status, inferred 5 
by proximity to church and type of grave, have higher stature than those from lower socio-6 
economic status. Individuals from higher socio-economic groups may have had more access 7 
to nutritious food and less periods of disease than those from lower socio-economic status, 8 
resulting in less growth disruptions and consequently higher stature. Comparing stature 9 
between age groups can be very helpful in understanding the impact of stunting on 10 
survivorship. Elderly individuals may have higher stature than young individuals meaning 11 
that those who had less growth disruptions survived longer than those who had more 12 
growth disruptions, possibly associated with disease or other physiological stress. However, 13 
elderly individuals may also have lower stature than young individuals suggesting that they 14 
survived the stressor and may be more resistant, while the individuals who died at younger 15 
ages experienced less physiological stress while growing but were frailer (Wood et al. 1992).  16 
The total number of individuals with different skeletal lesions and other signs of 17 
physiological stress (e.g. cribra orbitalia, porotic hyperostosis and enamel hypoplasias), and 18 
their spatial and demographic distribution, would be very important to better understand 19 
health in the population from which Tomar’s collection derived. This analysis was not 20 
possible as the data were not always recorded in the same manner and often did not reflect 21 
what I observed in the skeletons. The large size of this collection, in both area and number 22 
of individuals, required many anthropologists and archaeologist who may not have been 23 
familiar with paleopathology. Still, I used skeletal metric measurements taken during the 24 
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excavation as their record is more straightforward and require less experience than 1 
paleopathological differential diagnosis. 2 
Still using the data collected during the excavation, I used regression equations to 3 
estimate sex (1,144 adult skeletons: 535 females, 609 males) and stature (543 adults: 256 4 
females, 287 males) using long bone length. The maximum length of the bones was 5 
recorded during the excavation avoiding bones with fractures or other lesions. Sex was 6 
estimated using morphological characteristics of the pelvis (Phenice 1969, Buikstra and 7 
Ubelaker 1994) and cranium (Buikstra and Ubelaker 1994). I also calculated the sexual 8 
dimorphism index for each bone (Tarli and Repetto 1986). I used the length of the skeleton, 9 
measured in situ as a proxy for the individual’s stature.       10 
More details about the methodology used to study Tomar’s demography can be 11 
found in Chapter 4. 12 
3.1.1. Selection of skeletons for stable isotope analysis 13 
Using the data recorded during the excavation I made a first selection of individuals with 14 
and without indicators of physiological stress. I only selected adult individuals as they may 15 
have different diets from the non-adults.  Additionally, adults represent individuals who 16 
survived childhood into adulthood.  17 
Finding the selected skeletons revealed to be a very challenging task due to the large 18 
number of boxes (a few thousand) with skeletons from Tomar and other collections, stored 19 
without any organization or sequence (Figure 3.1). The number of skeletons analysed in this 20 
thesis was limited by the difficulty in finding the skeletons that I pre-selected from the field 21 





Figure 3.1. Example of one of the rooms at the University of Évora where Tomar’s collection is 2 
stored. 3 
 4 
I dry cleaned the skeletons I found with brushes, reconstructed their biological 5 
profile and paleopathology. I estimated the sex of the selected individuals using 6 
morphological features of the pelvis (Phenice 1969, Buikstra and Ubelaker 1994) and 7 
cranium (Buikstra and Ubelaker 1994). For age at death estimations I used methods based 8 
on degenerative processes (Brooks and Suchey 1990, Buikstra and Ubelaker 1994, Lovejoy 9 
et al. 1985) as only adults were selected. It was not necessary to use the equations I 10 
developed for sex and stature estimation for these individuals as the completeness of the 11 
skeletons allowed the use of more reliable methods. 12 
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Skeletons without lesions were only selected if, in addition to not having skeletal 1 
lesions, the individuals had a stature equal or above the mean calculated for Tomar’s 2 
collection (Chapter 4) and no signs of physiological stress (cribra orbitalia, porotic 3 
hyperostosis and enamel hypoplasias). It was possible to find 33 individuals with these 4 
characteristics. The absence of skeletal lesions does not necessarily mean the individual was 5 
healthy. A frail individual could die before the disease could leave a skeletal marker (Wood 6 
et al. 1992). Low stature and enamel hypoplasias are related with physiological stress during 7 
childhood and adolescence (e.g. WHO 2013). Since physiological stress during growth 8 
increased the risk of disease (e.g. Barker and Osmond 1986, Barker et al. 1989, Power and 9 
Peckham 1990, Blackwell et al. 2001), controlling these stress indicators increases the 10 
probability of selecting individuals who were not diseased. The aetiology for cribra orbitalia 11 
and porotic hyperostosis is still not completely understood but has been related with sickle 12 
cell anaemia, vitamin deficiencies, parasites or infectious pathologies (Brickley and Ives 13 
2008, Facchini et al. 2004, Oxenham and Cavill 2010, Stuart-Macadam 1989, Suby 2014, 14 
Ulijaszek et al. 2012, Walker et al. 2009, Wapler et al. 2004, Larsen 1997). Even though 15 
selecting skeletons without any indicator of physiological stress still does not guarantee that 16 
the individuals were healthy, this is the best way to potentially identify “healthy” 17 
individuals. 18 
In order to find individuals with skeletal lesions, I also searched for indications 19 
recorded in the field that would suggest the presence of disease. I started by searching the 20 
skeletons said to have traumas, periostitis, osteomyelitis or any signs of infectious diseases. 21 
However, not all the forms had this information, referred it in the same manner or actually 22 
corresponded to what I observed in the skeletons. Still, it was possible to find 33 individuals 23 
with skeletal lesions of possible infectious origin (n=23) and healed fractures (n=10).  24 
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I considered the lesions as being possibly caused by infection if abnormal bone 1 
formation or bone formation and destruction, compatible with periostitis or osteomyelitis 2 
(Ortner and Putschard 1985, Buikstra and Ubelaker 1994, Aufderheide and Rodríguez-3 
Martín 1998, Ortner 2003), were present and not associated with trauma. I considered 4 
lesions scored 2 (markedly accentuated longitudinal striations on the surface of cortical 5 
bone (Figure 3.2, Steckel et al. 2006) to 5 (extensive periosteal reaction involving over half 6 
of the diaphysis, with cortical expansion, pronounced deformation, Steckel et al. 2006) as 7 
periostitis. Lesions scored as 6 (involving most of the diaphysis with cloacae, Steckel et al., 8 
2006) were taken as osteomyelitis (Figure 3.3). Unremodelled lesions (Figure 3.4) were 9 
thought as active disease perimortem and remodelled lesions (Figure 3.5) as healed disease 10 
perimortem while a combination of active and healed lesions were considered as chronic 11 
disease (Ortner and Putschard 1985, Ortner 2003). Individuals with caries sicca (Figure 3.6) 12 
were diagnosed as having venereal syphilis (Ortner and Putschard 1985, Ortner 2003). 13 
Syphilis is a sexually transmitted long-term infection that only affects the bone tissue in 20 14 
to 50% of non-treated patients (Aufderheide and Rodríguez-Martín 1998).  15 
 16 







Figure 3.3. Example of healed osteomyelitis in a femur (skeleton 20.240). 5 
 6 
 7 






Figure 3.5. Example of a healed lesion in a tibia (skeleton 18.158). 3 
 4 
Figure 3.6. Example of caries sicca, a crater-like lesion with a central destructive focus and 5 




The individuals selected (Table 3.1) for stable isotope analyses were grouped in 1 
different ways: 2 
a) Skeletons without lesions (n=33) and skeletons with lesions compatible with 3 
infectious diseases (n=23), 4 
b) Skeletons without lesions (n=33), skeletons with active lesions (n=6), skeletons 5 
with healed lesions (n=7), skeletons with active and healed lesions (n=10), 6 
c) Skeletons without lesions (n=33), skeletons with generalised infection (n=7), 7 
skeletons with localised infection (n=9) (individuals who did not fit into these 8 
groups were not considered for this comparison, n=7), 9 
d) Skeletons without lesions (n=33), skeletons with generalised specific infectious 10 
disease (n=2), skeletons with generalised non-specific infectious disease (n=5), 11 
skeletons with only healed tibial periostitis (n=7) (individuals who did not fit into 12 
these groups were not considered for this comparison, n=9). 13 
The selection factors and difficulty of finding the skeletons limited the amount of 14 
individuals used for stable isotope analysis (Table 3.1). A more detailed description of how 15 
the skeletons were selected can be observed in Chapter 5 for those without lesions and in 16 
Chapter 6 for the individuals with lesions. A list of the individuals analysed can be found in 17 
the Appendix (Tables A2, A3, A4 and A5). 18 
I also identified the genus of the fauna remains recovered from the excavation and 19 
selected the possible samples from the different genus found (2 wild Sus, 2 domestic Sus, 1 20 





Table 3.1.  Number of individuals selected for each group.  




      Young  Mature Elderly Undetermined 
 
Young  Mature Elderly Undetermined 
 
 
Without lesions 3 4 5 3 
 
5 9 1 3 
 












Active 1 - - - 
 
1 - - - 
 
-  2 
5 
33 
Healed  - - - - 
 
- - - - 
 




- - 2 - 
 
1 - - - 
 




Active - - - - 
 
- - - - 
 
-  0 
2 
Healed  - - - - 
 
- - - - 
 




- - - - 
 
1 1 - - 
 
-  2 
Localised  
lesions 
Active - - - 1 
 
- 2 - - 
 
-  3 
9 
Healed  - - - - 
 
- - 1 - 
 




1 - - 1 
 
1 - 1 1 
 
-  5 
Only healed periostitis - 1 - 1 
 
- 3 - 1 
 
1  7 
Healed fracture 





3 1 2 
 
2  10 
Total 
5 6 7 7 
 











3.1.2. Selection of bones for stable isotope analysis 1 
From the skeletons without lesions or indicators of physiological stress only the tibia was 2 
sampled for stable isotope analysis. For the individuals with lesions a combination of long 3 
bones (mostly tibiae) and ribs were sampled. Additionally to the skeletons with lesions 4 
compatible with lesions compatible with infectious diseases a new group of samples with 5 
healed fractures were added to the study. The objective of adding samples of fracture callus 6 
are to use them as a control group, as they represent bone remodelling but in the absence 7 
of pathogens. Only bones with healed fractures but without periostitis or osteomielytis 8 
were sampled.  The bones were cut at the Laboratory of Biological Anthropology at the 9 
University of Évora using a diamond saw. These sections were then sent to the University of 10 
Kent for the collagen extraction. 11 
The lesions were identified and differentiated by macroscopic observations and 12 
grouped as:  13 
a) active lesions (14 long bones, 4 ribs),  14 
b) healed lesions (10 long bones, 9 ribs), 15 
c) healed fractures (9 long bones, 3 ribs).  16 
In total stable isotope analysis was performed for 134 samples (Table 3.2). 17 
  18 
 The difference between samples from the lesions and from distant to the lesions was 19 
compared with intra-bone variations estimated by Olsen et al. (2014) for ribs and by 20 
Katzenberg and Lovell (1999) for long bones.  21 
 The selection of skeletons and bone samples required a few visits to the University 22 
of Évora in a total of about 9 months. More details on how bones were sampled can be 23 
found in Chapter 7. 24 
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Table 3.2. Number of samples used for stable isotope analysis. 1 
Samples Long bones Ribs 
Humans 
Skeletons without lesions 33 - 
Skeletons with lesions 
Bone without lesions 28 11 







3.2. Collagen extraction and analysis 3 
3.2.1. Collagen extraction 4 
At the University of Kent I cleaned the bones again (human and fauna) using water and a 5 
brush and I cut the bone samples in small pieces using a drill. Before using the drill I put it in 6 
the sonicator, in a beaker with hydrochloric acid (HCL), to clean it. The drill was cleaned 7 
between samples using an air-spray duster. The new bone formations were removed by 8 
scraping the lesion or removing the top layer affected, carefully avoiding sampling the 9 
compact bone underneath or trabecular bone (particularly in the ribs), as it remodels more 10 
quickly than cortical bone (Sealy et al., 1995). On the ribs this process was more difficult due 11 
to the smaller size of the lesions and the bones.  12 
Bone collagen was extracted using a modified Longin method (Longin 1971, Brown et 13 
al. 1988, Richards and Hedges 1999). For the demineralization I put the sampled pieces of 14 
bone in a test-tube, filled it with 0.5M HCL and put it in the fridge at 5ºC. I changed the HCL 15 
every two days for two weeks. After two weeks in the fridge I centrifuged the samples for 16 
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three minutes at 2,500 revolutions per minute (RPM), pipetted off the HCL and added 1 
demineralised water (dH2O) and centrifuged again. I continued changing the dH2O and 2 
centrifuging until the pH of the solution was neutral (pH=7). To start the gelatinization the 3 
pH has to be acidic again so I added a few drops of HCL to the solution until its pH was equal 4 
to two or three. The samples were then put in the heating block where they stayed for 48 5 
hours at 75ºC. After being in the heating block a 5μm EZEE© filter was used to filter the 6 
insoluble fractions in the solution. The samples were then frozen for 48 hours followed by a 7 
process of freeze-drying for another 48 hours. After this process the collagen was weighted 8 
to make sure that there was enough collagen for stable isotope analysis. 9 
3.2.2. Collagen analysis 10 
The collagen from the fauna and the skeletons without lesions was analysed at NERC 11 
Isotope Geosciences Facility (Nottingham, UK). I stayed at NERC facilities for a week 12 
weighing the collagen samples and standards into tin capsules. These capsules were then 13 
combusted into CO2 and N2 using an Elemental analyzer (Flash/EA) coupled to a Thermo 14 
Finnigan DeltaPlus XL isotope ratio mass spectrometer via a ConFlo III interface. δ13C and δ15N 15 
values were calibrated using an in-house reference material M1360p (powdered gelatine 16 
from British Drug Houses) with expected δ values of –20.32‰ (calibrated against CH7, IAEA) 17 
and +8.12‰ (calibrated against N-1 and N-2, IAEA) for carbon and nitrogen respectively. 18 
Samples were run in duplicate and the 1σ reproducibility for mass spectrometry controls for 19 
these analyses were δ15N = ± 0.08‰ and δ13C = ± 0.07‰. 20 
The remaining samples were analysed at HERCULES Laboratory at the University of 21 
Évora where I stayed in total about four weeks weighing the collagen and standards into tin 22 
capsules. These capsules were then combusted into CO2 and N2 using an Elemental analyzer 23 
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(Flash/EA) coupled to a Thermo Delta VTM Advantage Isotope Ratio Mass Spectrometer. δ13C 1 
and δ15N values were calibrated using IAEA-CH-6 (sucrose, −10.449‰), IAEA-CH-7 2 
(polyethylene, −32.151‰), IAEA-N-1 (ammonium sulphate, +0.4‰) and IAEA-N-2 3 
(ammonium sulphate, +20.3‰). Measurement errors were less than ±0.1‰ for δ13C and 4 
±0.2‰ for δ15N. 5 
The sulphur isotope analysis was done at SIIAF at the University of Lisbon, 6 
combusting the collagen with additional V2O5 and a pulse of oxygen. δ
34S values were 7 
calibrated using the inorganic international standards NBS127 (+20.3‰), IAEA S1 (-0.3‰) 8 
and casein protein (+4.0‰). Mass spectrometry control for these analyses was δ34S = ± 9 
0.08‰. 10 
The C/N ratios of the analysed samples were within 2.9 and 3.6, the acceptable 11 
range in C/N ratios for archaeological bone determined by De Niro (1985). Sample 12 
information and stable isotopic data are provided in the Appendix (Tables A2, A3 and A4).  13 
 Carbon and nitrogen stable isotope ratios were analysed in all samples while sulphur 14 
stable isotope ratios were only measured in the fauna remains and in the individuals 15 
without lesions. Tomar is crossed by a river so analysing δ34S values was very important to 16 
estimate the intake of aquatic protein. δ34S analysis would also be helpful to better 17 
understand if intra-bone variations between sites with and without skeletal lesions were 18 
related with dietary shifts or metabolic changes associated with physiological stress or its 19 






3.2.3. Statistical analysis 1 
Assumptions such as normal distribution of the data, when this is not true, make it 2 
impossible to draw accurate and reliable conclusions (e.g. Field 2009).  To test whether the 3 
analysed data is normally distributed the Shapiro-Wilk test was performed, which compares 4 
the sample distribution to a normal distribution (Shapiro and Wilk 1965). Shapiro-Wilk test 5 
has shown to have the best statistical power when compared to other normality tests 6 
(Razali and Wah 2011, Peat and Barton 2005, Thode 2002). As statistical power increases, 7 
the probability of failing to reject a false null hypothesis (type II error) decreases.  8 
 I considered the null hypothesis to be that the population was normally distributed. 9 
For p-values ≤0.05 the null hypothesis would be rejected and the data considered as not 10 
being normally distributed. Still, while for p-values ≤0.05 the data significantly deviate from 11 
a normal distribution, p-values ≥0.05 do not necessarily mean that the data is normally 12 
distributed, particularly for small sample sizes such as those analysed in this dissertation. 13 
Hence, alongside with the results from the Shapiro-Wilk test (Appendix, Table A1) I also 14 
analysed the graphics of the stable isotope ratios distribution. Figure 3.6 shows a example of 15 
a data set with p-values ≥0.05 and by their graphic representation it is possible to observed 16 
that the data set is too small to understand if the data is follows a normal distribution or 17 
not. Additionally, not all data sets have p-values ≥0.05 so in order to appropriately compare 18 
them parametric tests will not be used. 19 
Since the data sets are too small to understand if the data is normally distributed, 20 
non-parametric methods were used to test the samples as they do not assume a normal 21 
distribution of the data. Mann-Whitney U non-parametric tests test the equality of the 22 
means in two independent groups from the same population while Kruskal-Wallis non-23 
parametric tests do the same but in more than two independent groups. Mann-Whitney U 24 
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non-parametric tests (Mann and Whitney 1947) were used for pair-wise comparisons 1 
considering the null hypothesis to be that the distribution of both groups is equal.  Kruskal-2 
Wallis non-parametric tests were used to compare more than two groups. Similarly to the 3 
Mann-Whitney U non-parametric tests, the null hypothesis is that all groups have identical 4 
distribution. The alternative hypothesis states that at least one group stochastically 5 
dominates the other group. The null hypothesis were rejected if the p-values ≤0.05. 6 
Statistical analysis was computed in SPSS 24 for Windows p-values ≤0.05 were considered 7 
statistically significant.  8 
 9 
Figure 3.7. Example of a histogram which variable (δ15N values distribution in individuals 10 
with active lesions) would be considered to fallow a normal distribution based on the p-11 
values =0.34. 12 
  13 
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Chapter 4 1 
 2 
Osteological sample and demographics of Tomar skeletal collection 3 
 4 
Abstract 5 
This study relies on raw data collected during the excavation to better understand Tomar’s 6 
collection. A better understanding of the demographics of Tomar osteological collection will 7 
improve diet estimations as well as better understand the possible relationship between 8 
diet and health in this sample. The distribution of the skeletons, of all ages and both sexes, 9 
within the necropolis suggests that Santa Maria do Olival collection represents the general 10 
population of Tomar and not only the individuals from the religious military orders. The 11 
proximity to the church and a higher percentage of structured graves suggest that the 12 
individuals buried at areas 15, 18 and 19 could have had higher social status. The uniform 13 
sex spatial distribution within the graveyard and the use of structured graves for both males 14 
and females implies that, at least in death, social status was not dependent on sex. 15 
However, social status seems to increase with age as older individuals were more frequently 16 
buried in structured graves. In general, females may have been more exposed to chronic 17 
physiological stress, as those buried in structured graves (higher status) and older 18 
individuals have higher stature.  19 




4.1. Introduction 1 
This chapter presents raw data collected during the excavation of Tomar’s necropolis to 2 
assist the understanding of the context of the collection understudy. The distribution of 3 
individuals from different sex and age is presented and compared to the proximity of the 4 
church and type of graves to study the possibility of identifying different socio-economic 5 
statuses. 6 
Health, disease and mortality are conditions related not only with biological factors 7 
but also the socio-economic context of the individuals (Cockerham 2007). Socio-economic 8 
status can influence access to nutritious food resources and health care, exposure to 9 
pathogens, strenuous biomechanical effort, settlement density, sanitation and hygiene. 10 
Cultural systems can operate both as buffering system, mitigating environmental constrains 11 
and stressors, or as a producer of new stressors and constrains (Goodman and Armelagos 12 
1989). According with the osteological paradox (Wood et al 1992), heterogeneous frailty 13 
and selective mortality affect paleopathological research, thus, identifying and controlling 14 
potential sources of heterogeneity, such as sex, age or socio-economic status reduce the 15 
limitations of using collective skeletal data (DeWitte and Stojanowski 2015). 16 
Christian burial rituals usually do not have associated material culture (Barroca 17 
1987), being also the case at Tomar having few artefacts, which hampers the dating of the 18 
site and the graves as well as estimations of socio-economic status. In the absence of 19 
artefacts, social status can also be inferred by proximity to the church (Binski 1996, Daniell 20 
1998, Graves 1989, Ottaway 1992, Platt 1981, Swanson 1989) and the amount of structured 21 
graves.  22 
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A comparison between age at death with proximity to church will help 1 
understanding if social status has an impact on age at death. People from higher socio-2 
economic status might have survived longer due to overall better living conditions. A better 3 
understanding of the distribution of age groups within the graveyard will improve the 4 
knowledge about Tomar’s population. In most populations females live longer than males 5 
but often suffer from poorer health later in life (Crimmins et al. 2002, Oksuzyan et al. 2008). 6 
This paradox might be explained, at least in part, by higher male mortality which results in 7 
males facing higher selective pressure than females such that those who survive to later 8 
ages are healthier in general than females of the same age (Crimmins et al. 2002). 9 
Additionally, females often have a different social status from males in general, which can 10 
lead to less access to nutritious food and health care.  11 
Estimating human sex is one of the first steps in reconstructing a biological profile of 12 
skeletonised remains. Sexual dimorphism develops just before sexual maturity and is related 13 
to faster growth in females and an extension of the pre-pubertal growth phase in males (e.g. 14 
Willner & Martin, 1985, Tanner, 1990, Roche, 1992, Gasser et al., 2000). Routinely, 15 
bioarchaeologists incorporate morphological traits of the pelvis (Phenice 1969) and cranium, 16 
into their sex estimations (e.g. Sauter and Privat 1955, Ferembach et al. 1980, Buikstra and 17 
Mielke 1985, Buikstra and Ubelaker 1994, Bruzek 2002, Bruzek and Murail 2006). When the 18 
pelvis and cranium are not available, due to for example post-mortem taphonomic 19 
processes (e.g. Willey et al. 1997), alternative methods for estimating sex rely on 20 
anthropometric analyses of other bones (e.g. Pons 1955, Đscan and Shihai 1995, Silva 1995, 21 
Steyn and Đscan 1997, Mall et al. 2000, Wasterlain 2000, Mall et al. 2001, Bašić et al. 2013). 22 
These metric methods are population specific and their accuracy can vary both regionally 23 
and chronologically (e.g. Bidmos and Dayal 2004). Bone length reveals developmental 24 
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trends, environmental stress such as nutritional deficits and evolutionary relationships (e.g. 1 
Bogin 1999, Padez and Johnston 1999, Padez 2003, 2007, Moore and Ross 2013), being 2 
largely affected by secular changes in stature (e.g. Jantz 1992, Moore and Ross 2013).   3 
 The adult stature of an individual is the accumulation of different frequency and 4 
amount of growth during their life event (Lampl 2012). The cessation or slowing of long-5 
bone growth can result in a decrease in the potential stature of the individual, known as 6 
stunting (Saunders and Hoppa 1993, WHO 2013). This could result in a permanent small 7 
stature, particularly in females (Bose 2018), or lead to “catch-up growth” if conditions 8 
improve. Stature has been shown to be sensitive to both environmental and physiological 9 
factors (Jantz and Owsley 1984). Stunted growth can result from chronic inflammation and 10 
infection in juvenile individuals (Pinhasi et al. 2005). Poverty may exacerbate stunting, 11 
perpetuating the vicious cycle as vulnerability to malnutrition and disease increases. Since 12 
stature is related with physiological stress, shorter individuals usually reach reproductive 13 
maturity earlier stages and die at younger ages (Metcalf and Monaghan 2001, Walker et al. 14 
2006, Kuzawa 2007, Stock and Migliano 2009). 15 
4.1.1. Demography 16 
Tomar’s archaeological collection has 3,675 primary inhumations and 1,456 ossuaries in a 17 
total of 6,792 individuals (4,991 adults and 1,801 non-adults). However this collection has 18 
not been continually studied yet. This chapter presents the demographic analysis of 2,412 19 
individuals from primary inhumations recovered from areas 13 to 20 (2nd phase of the 20 
excavation). I was given access to the field excavation forms (example of one of these forms 21 
can be found in the Appendix, Figure A1) from the second phase of the excavation which 22 
had information registered during the excavation such as degree of fragmentation, sex, age, 23 
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bone measurements and length of the skeleton. I compiled the information on these forms 1 
and analysed the data to better understand the population from which Tomar’s collection 2 
derived. 3 
Non-adult age was estimated with a combination of skeleton maturation indicators 4 
(Scheuer and Black 2000) and adult age at death estimates employed a combination of 5 
skeleton maturation (Scheuer and Black 2000), pubic symphysis degeneration (Brooks and 6 
Suchey 1990, Buikstra and Ubelaker 1994) and auricular surface degeneration (Lovejoy et al. 7 
1985) during the excavation. Non-adult individuals were divided into: children (less than 12 8 
years old) and adolescents (12 to 18 years old). The adults were divided into: young adults 9 
(19 to 29 years), mature adults (30 to 60 years) and elderly adults (more than 60 years). Age 10 
at death is very important to understand the individual’s health, diet and the relationship 11 
between the two of them.  12 
Sex was estimated during the excavation, only for adult skeletons, based on pelvic 13 
(Phenice 1969, Buikstra and Ubelaker 1994) and cranial features (Buikstra and Ubelaker 14 
1994). It was not possible to estimate sex for almost one third of individuals. This issue 15 
highlights the need of alternative methods for estimating sex relying on other bone types. 16 
4.1.2. Sex estimation equations 17 
Using the raw data from the excavation I used a logistic regression to develop equations for 18 




)  =  𝛽0 +  ∑ 𝛽𝑖𝑥𝑖
𝑖
 
where,  20 
μ - estimated mean for the population 21 
β0 - intercept term 22 
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βi - slope (expected increment in the response per unit change in x) 1 
xi- full length of the bone 2 
Data was collected from 1,144 adult skeletons (535 females, 609 males) from the 2nd 3 
phase of the excavation, but it was not possible to measure all long bones for all the 4 
individuals. Age was not taken into consideration given the difficulty of accurately estimate 5 
age in adult individuals (see Merrit 2017). The sex estimations relied upon standard 6 
morphological characteristics of the pelvis (Phenice 1969, Buikstra and Ubelaker 1994) and 7 
cranium (Buikstra and Ubelaker 1994). Maximum length of each long bone (humerus, 8 
femur, radius, tibia) was measured during the excavation avoiding bones with healed 9 
fractures and other lesions or damage that could interfere with maximum length 10 
measurements. The sexual dimorphism index was also calculated for each bone following 11 
the methodology developed by Tarli and Repetto (1986). 12 
4.1.3. Stature equations 13 
I used the skeleton length measurements collected during the excavation to develop 14 
regression equations to estimate stature from long bone length. Skeleton length was 15 
measured from close to the bregma to the distal point of the talus following the procedure 16 
proposed by Boldsen (1984) and used as a proxy for stature. Measurements were taken 17 
during the excavation while the skeleton was still articulated, in situ, in extended supine 18 
position. A folding ruler was placed on the sagittal midline of the skeleton to allow following 19 
any eventual curvature of the skeleton. Skeletal length in situ was considered equivalent to 20 
living stature. The maximum length of the skeleton was measured for 543 adults (256 21 




To measure the spread of the variability relative to the mean, the coefficient of 1 
variation was calculated for the skeleton and long bone length (humerus, radius, femur and 2 
tibia). The strength of the linear relationship between skeleton and long bone length was 3 
measured by calculating the Pearson’s correlation coefficient. Following this, logistic 4 
regression was used to develop an equation for stature estimation: 5 
𝑦 =  (𝛽0 + 𝛽1 𝑥)  ±  𝜀 
where,  6 
y - estimated stature 7 
β0 - intercept term 8 
β1 - slope (expected increment in the response per unit change in x) 9 
x - full length of the bone 10 
ε - error term 11 
 12 
4.2. Resulting age distribution 13 
By analysing the data from the excavation, I observed that during the 2nd phase of the 14 
excavation 2,412 primary inhumations were recovered from areas 13 to 20. From these 15 
inhumations 771 of the individuals were non-adults and 1,645 were adults. It was possible 16 
to estimate age for 648 non-adults and 717 adults.  17 
The children (n=545, Figure 4.1) represent the group with the highest number of 18 
skeletons for which it was possible to estimate age. The children were found mostly in areas 19 
13, 16 and 17, comprising about 50% of the skeletons found in these areas (Figure 4.1). The 20 
high percentage of non-adults, particularly the children (Figure 4.1), can be over-21 
represented due to greater ease in estimating age-at-death for these skeletons than for 22 
adults. Areas 15 and 19 (left side of the graveyard, Figure 2.4) have the highest ratio 23 
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between adult and non-adult skeletons, while areas 13 and 20 (right side of the graveyard, 1 
Figure 2.4) have the lowest ratios (Table 4.1). It is possible that specific places within the 2 
necropolis were preferred to bury non-adults, as reported in other medieval graveyards 3 
(e.g. Ariès 1962, Cunha 1994, Oliveira 2007). The mature adults (n=494) are the second age 4 
group with more individuals and comprise about 50% of the skeletons excavated from areas 5 
15 and 18 and over 60% of the skeletons from area 19 (Figure 4.1).  6 
Comparing the data from the 1st and 2nd phase of the excavations could highlight any 7 
possible differences between groups of different socio-economic status as  the 2nd phase of 8 
the excavation represents areas closer to the church than the areas excavated during the 1st 9 
phase of the excavation (Figure 2.4).  10 
 11 
 12 
Figure 4.1. Percentage of each age group, by area. 13 
 14 
 15 
Table 4.1. Number of primary inhumations per m2, ratio between the number of adults and non-16 
adults and between males and females from primary inhumations 17 
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Area Inhumations/m2 Adults/Non-adults Males/Females 
13 0.5 1.5 1.0 
14 0.6 2.1 1.6 
15 0.4 7.1 1.3 
16 2.2 1.5 0.8 
17 0.7 1.6 1.0 
18 0.6 2.9 0.7 
19 0.2 6.3 1.4 
20 0.6 1.6 1.4 
2nd phase 0.6 2.1 1.1 
 1 
4.3. Resulting sex distribution 2 
Tomar’s collection is made out of individuals of all ages and both sexes, indicating that the 3 
graveyard was used by the general population of Tomar and not, or at least not only, the 4 
knights of the military order. Out of the 1,645 adults it was possible to estimate 535 females 5 
and 609 males, while 501 individuals were of unknown sex. 6 
Area 14 has the highest ratio between males and females and areas 16 and 18 are 7 
the only ones with more skeletons estimated as female than male (Table 4.1). These results 8 
can be related with different social status between sexes or the artificial division of the 9 
areas.  I observed that the mature adults have the highest percentages for both females and 10 
males (Figure 4.2) but this group also has a large age interval (31 to 60 years old) which can 11 
explain the high number of individual. Both mature and elderly adults have higher 12 
percentage of males, while the group of the young adults have more females (Figure 4.2). 13 




Figure 4.2. Percentage of individuals from each age group, by sex. 2 
 3 
4.4. Inferring social status  4 
The graves directly excavated in the soil are the most common at the 2nd phase of the 5 
excavation, comprising 2,192 of the primary inhumations of both adults and non-adults, 6 
while only 168 graves are structured. The structured graves are mostly present in areas 13, 7 
15, 18 and 19 (Figure 4.3) suggesting that individuals with higher social status would be 8 
preferably buried in these areas. Areas 15, 18 and 19 also have the highest ratio between 9 
adults and non-adult skeletons (Table 4.1) and structured graves were more commonly used 10 
for older individuals (Figure 4.4). Since high childhood mortality may be related with low 11 
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socio-economic status, these results suggest that the individuals buried in these areas may 1 
have had higher social statuses than the individuals in other areas.  2 
Areas 15 and 18 are the closest areas to the church (Figure 2.4) and Templar graves 3 
were found at area 18, reinforcing the idea that these areas represent the individuals with 4 
higher social status (Binski 1996, Daniell 1998, Graves 1989, Ottaway 1992, Platt 1981, 5 
Swanson 1989), despite these areas being artificial divisions made with the purpose of 6 
organizing the excavation. 7 
 8 
 9 





Figure 4.4. Percentage of graves excavated in the soil and structured graves, by age group. 2 
 3 
Area 16 has the highest density of inhumations (2.2 inhumations/m2, Table 4.1) 4 
while area 19 has the lowest density (0.2 inhumations/m2, Table 4.1). Area 16 is close to the 5 
bell tower (Figure 2.4), which might have made it more desirable as a burial site than other 6 
areas. Area 19 is further away towards the left side of the graveyard (Figure 2.4), which 7 
could have made it less appealing as a burial site. The remaining areas have similar density 8 
of inhumations.  9 
About 9% of the males (n=593) and 12% of the females (n=527) have structured 10 
graves, suggesting that there was no social status difference between sexes, at least at the 11 
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place where they were buried. Area 14 has the highest ratio between males and females 1 
and areas 16 and 18 are the only ones with more skeletons estimated as female than male 2 
(Table 4.1). Since area 18 is the one closest to the church, situated between the church and 3 
the tower bell, it is unexpected to find more females than males, as males usually have 4 
higher socio-economic status than females. This unexpected ratio reinforces tha there were 5 
not large status difference between both sexes, despite the presence of the military orders. 6 
At the 2nd phase of the excavation there are 0.6 inhumations per m2, the number of adults 7 
doubles the number of non-adults and there is similar number of males and females. The 8 
sex distribution among the excavated areas is uniform (Table 4.1) suggesting that the 9 
skeletons buried outside Santa Maria do Olival church represent mostly the general 10 
population of Tomar and not the individuals from the Military Orders.  11 
4.5. Social status and stature 12 
Area 19 is one of the areas further away from the church (Figure 2.4), which can 13 
mean that the individuals buried there had lower socio-economic status then those from 14 
areas such as 18, 13 or 15. Area 19 has the largest stature difference between sexes (Figure 15 
4.5) with the lowest mean for the females (147.0 cm) and the second highest mean for the 16 
males (164.6 cm). While area 15 has the smallest sexual dimorphism in stature out of  the 17 
areas analysed being also one of the areas closest to the church and with more structural 18 
graves. Sexual dimorphism can also be related with diet (e.g. Steyn and Işcan 1999), Gray 19 
and Wolfe (1980) suggest that within a population, those who consume either excessive or 20 
deficient amount of protein, exhibit the least sexual dimorphism. 21 
The mean stature is similar between individuals buried in structured graves and 22 
those in graves excavated in the soil, for both males and females (Figure 4.6). However, the 23 
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skeletons from structured graves have a slightly higher stature than the collection’s mean, 1 
particularly the females. The higher stature for females buried in structured graves suggests 2 
that females from lower social status could have been more exposed to physiological stress 3 
affecting growth than males. 4 
 5 
Figure 4.5. Boxplot for the maximum length of the skeleton (cm) registered for each area, by sex. 6 
Horizontal lines represent the overall mean for the females (151.8 cm) and males (163.4 cm). 7 
 8 
At the areas of the 2nd phase of the excavation there are not significant differences in 9 
stature between the different age groups. Still, the mean female stature is higher for elderly 10 
adults (Figure 4.7) than the other age groups. Since stature is related with physiological 11 
stress (e.g. Bogin, 1999, Padez and Johnston, 1999, Padez, 2003, 2007, Moore and Ross, 12 
2013) this result reinforces the idea  that females may be more exposed to chronic stress 13 
than males, at least in Tomar, and that those who suffered less physiological stress may 14 
have lived longer. The association between stature and increased risk of mortality can 15 
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reflect the exposure to chronic stress during development (Haviland 1967, Roberts and 1 
Manchester 2007). Shorter individuals usually reach reproductive maturity at earlier stages 2 
and die at younger ages (e.g. Metcalf and Monaghan 2001, Walker et al. 2006, Stock and 3 
Migliano 2009). It is therefore important to consider stature when studying the diet and/or 4 
health.  5 
 6 
 7 
Figure 4.6. Boxplot for the maximum length of the skeleton (cm) registered for graves excavated on 8 
the soil and structured graves, by sex. Horizontal lines represent the overall mean for the females 9 




Figure 4.7. Boxplot for the maximum length of the skeleton (cm) registered for age groups, by sex. 2 
Horizontal lines represent the overall mean for the females (151.8 cm) and males (163.4 cm). 3 
 4 
 5 
4.6. Estimating sex 6 
The mean length of each long bone is significantly shorter in females, when compared to 7 
males (Table 4.2). The result of the logistic regression analysis can be found in Table 4.3 and 8 
the classification accuracy for original and cross-validation in Table 4.4. The combination of 9 
measurements from the humerus, radius, femur and tibia gives the best estimation of sex, 10 
correctly classifying 89.7% of the skeletons analysed (Table 4.4). However, just by using the 11 
radius and the tibia (89.4%) similar results can be obtained. The upper long bones (humerus 12 
and radius) are a better option to estimate sex with 88.2% of individuals correctly classified, 13 
compared to the lower long bones (femur and tibia) with 85.6% of individuals correctly 14 
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classified. Out of the individual bones, the radius (84.7%) and the humerus (84.4%) have the 1 
highest percentage of correct estimations while the femur has the lowest (80.0%). 2 
The sexual dimorphism index (SDI) calculated for each bone (Table 4.2) is 3 
comparable with the predicted cross-validated percentage (Table 4.4) indicating that bones 4 
with high SDI (Tarli and Repetto 1986) also have high percentages of correct sex 5 
estimations. The radius has the highest SDI and the femur the lowest, which can also be 6 
observed in a higher predicted cross-validated percentage for the radius (84.7%) and a 7 
lower percentage of correct estimations for the femur (80%). Similar to previous research 8 
(e.g. Mall et al., 2001), when only one of the long bones is present, the most accurate 9 
results derived from the radius, even though the humerus and tibia can also be good 10 
predictors for some collections. When the upper and lower limbs are combined, the number 11 
of individuals correctly classified as either male or female is similar to that achieved when 12 
only two long bones are entered into the regression (Table 4.4). 13 
These results support previously published findings that report sexual dimorphism of 14 
long bones as being highly population specific (e.g. Bidmos and Dayal, 2004). The length of 15 
the radius is the most sexually dimorphic and can contribute to sex estimations when the 16 
pelvis is not present.  17 
To develop the equations for sex estimation using Tomar’s collection the sex of these 18 
individuals was estimated through morphological methods based on the pelvis and cranium. 19 
Therefore, the sex of some individuals may have not been correctly estimated to begin with. 20 
In this study it was not possible to test other measurements besides bone length as these 21 
data were not available. While ephiphyseal dimensions may be better discriminators 22 
between sexes (Charisi et al. 2011, Işcan et al. 1998, Frutos 2005) they can also be more 23 
prone to change as a response to intense physical activity (Safont et al. 2000, Ruff, 1987, 24 
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Carlson et al. 2007). Bone length depends on genetic factors, physiological stress, nutrition 1 
and secular trends (Cowgill & Hager, 2007, Gustafsson et al. 2007, Holden & Mace, 1999, 2 
Stein & Işcan, 1999). Therefore, sexual dimorphism in bone length may be even more 3 
population specific than in other measurements.  4 
 5 
 6 
  7 
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Table 4.2. Sample size (n), mean (x), standard deviation (sd) and sexual dimorphism index (SDI) for maximum length of long bones in females and males 
(SMOL.B). 
Maximum length 
Females  Males  
t df p SDI 
n x (cm) sd (cm)  n x (cm) sd (cm)  
Humerus 336 286.76 14.54  386 317.76 16.561  -26.787 720 0.000 1.108 
Radius 111 212.59 12.07  154 240.29 12.353  -18.175 263 0.000 1.130 
Femur 383 402.19 19.81  447 440.23 22.055  -26.168 826 0.000 1.095 
Tibia 345 330.62 17.13  424 366.11 19.904  -26.163 767 0.000 1.107 
 
Table 4.3. Estimated coefficients for the sexual diagnosis binary models (β0– intercept term, βi– slope). A – humerus+radius+femur+tibia, B – 





A B C D E F G H I J K 
N 173 524 240 700 541 199 223 722 265 830 769 
βi 





   
















Tibia  0.064 0.046 
 
0.060 0.057 0.086 
    
0.109 
β0 -67.967 -50.165 -55.23 -45.437 -46.689 -62.079 -66.535 -39.749 -42.559 -39.651 -37.547 
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Table 4.4. Classification accuracy for original and cross-validation for females, males and pooled sex. Sectioning point is set to zero in all cases. 
Long bone length 
N 
 Predicted Group Membership 
 Original group (%) 
 
Cross-validated (%) 
Females Males Total  Females Males Total 
 
Females Males Total 
humerus+radius+femur+tibia 52 84 136  94.2 90.5 91.9 
 
90.4 89.3 89.7 
humerus+femur+tibia 168 208 376  89.3 86.5 87.8 
 
89.3 86.5 87.8 
humerus+radius 78 108 186  88.5 88.0 88.2 
 
88.5 88.0 88.2 
femur+tibia 210 249 459  89.0 82.7 85.6 
 
89.0 82.7 85.6 
humerus+tibia 173 215 388  89.6 87.0 88.1 
 
89.6 87.0 88.1 
radius+tibia 57 94 151  93.0 87.2 89.4 
 
93.0 87.2 89.4 
radius+femur 66 105 171  90.9 86.7 88.3 
 
90.9 86.7 88.3 
Humerus 242 266 508  88.8 80.5 84.4 
 
88.8 80.5 84.4 
Radius 82 117 199  87.7 82.6 80.9 
 
87.7 82.6 84.7 
Femur 252 287 539  84.1 76.3 80.0 
 
84.1 76.3 80.0 
Tibia 217 263 480  87.1 80.6 83.5 
 




4.7. Estimating stature 1 
It was possible to measure the maximum length of the skeleton, during the excavation, for 2 
543 individuals (256 females, 287 males). The mean skeleton length is 151.8cm (sd=6.2cm) 3 
for the females and 163.4cm (sd=7.5cm) for the males. The coefficient of variation (CV) is 4 
close to 5% (Table 4.5) for all the analysed bones, for both females and males, suggesting a 5 
small variability in bone length within individuals of the same sex. Coefficient of variation is 6 
negatively correlated with Pearson’s correlation coefficient (PCC) suggesting that less 7 
variable bones have stronger correlation with skeleton length. There is a strong correlation 8 
between long bone and skeleton length (PCC>0.5) for both females and males, except the 9 
female radius (PCC=0.45), with all results being statistically significant (p<0.001). For the 10 
females the bone that correlates better with stature is the tibia (PCC=0.57), followed by the 11 
femur (PCC=0.56). For the males the radius (PCC=0.62) and femur (PCC=0.57) correlates 12 
better with stature. Higher correlation (CV, Table 4.5) between long bone and skeleton 13 
length also reflects lower coefficient of variation (PCC, Table 4.5), suggesting that the 14 
methods are more precise for less diverse groups. The equations for stature estimation 15 
based on the different long bones can be observed in Table 4.6. 16 
Stature estimations based on the femur and tibia have smaller 95% confidence 17 
intervals than the ones observed for the humerus and particularly the radius (Figure 4.8), 18 
suggesting that bones from the lower member give better predictions for stature. For all the 19 
long bones analysed the 95% confidence interval increases at both ends of the regression 20 
line, suggesting that both shorter and taller individuals have a lower probability of their 21 
stature being correctly estimated. 22 
The combination of measurements from the humerus, radius, femur and tibia gives 23 
the best stature estimation for both males and females. The coefficient of determination 24 
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(R2) is lower than 0.52 for all equations (Table 4.6), but since the objective is to predict a 1 
stature interval and not a precise measurement, lower R2 values are not as problematic. In 2 
Figure 4.8 it is possible to see that the estimated stature is close to the skeleton length.  3 
Even though R2 is lower than 0.50 for most methods they are statistically relevant (p<0.001) 4 
and correctly estimated more than 70% of both female and male stature. 5 
Using more variables to estimate stature, and relying in larger stature intervals, 6 
increase the probability of more precise stature estimation. If the long bones are not all 7 
present, the femur or tibia length give higher percentages of correct estimations. Body size 8 
is highly population specific and it is important to compare the samples under study with 9 
the ones from which the methods were developed in order to choose the ones that better 10 
adapt to the study subject. 11 
 Table 4.5. Sample size (n), mean (x), standard deviation (sd), coefficient of variation (CV) and 12 






















 Humerus 202 286.5 15.49 5.41 0.52 
Radius 62 213.8 11.85 5.54 0.45 
Femur 240 402.2 20.11 5.00 0.56 




 Humerus 237 317.0 16.34 5.15 0.54 
Radius 93 239.5 11.55 4.82 0.62 
Femur 270 440.9 22.51 5.11 0.57 
Tibia 262 365.6 20.27 5.54 0.52 
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Table 4.6. Equations to estimate stature for females and males using long bone length. Coefficient of 1 
determination (R2) indicates how close the data are to the fitted regression line. H – full length of the 2 
humerus, R – full length of the radius, F – full length of the femur, T – full length of the tibia. 3 
Method Regression equation R
2






Stature = (92.356+0.207H) ± 5.33 .27 200 72.991 .000 
Stature = (100.952+0.236R) ± 5.67 .20 60 14.877 .000 
Stature = (82.646+0.172F) ± 5.15 .31 238 107.269 .000 
Stature = (84.625+0.203T) ± 5.10 .32 218 102.495 .000 
Stature = (78.999+0.231H+0.028R) ± 5.13 .33 57 13.734 .000 
Stature = (67.441+0.115F+0.115T) ± 4.91 .38 212 64.146 .000 
Stature = (62.636+0.099H+0.074F+0.093T) ± 4.9 .40 175 39.049 .000 
Stature = (45.557+0.057R+0.140F+0.113T) ± 4.64 .50 53 17.311 .000 





Stature = (85.762+0.245H) ± 6.32 .29 235 94.477 .000 
Stature = (70.791+0.390R) ± 5.79 .38 91 55.600 .000 
Stature = (80.829+0.187F) ± 6.08 .32 268 128.795 .000 
Stature = (92.646+0.194T) ± 6.45 .27 260 96.933 .000 
Stature = (50.815+0.174H+0.244R) ± 5.43 .47 84 37.786 .000 
Stature = (70.009+0.074T+0.15F) ± 5.81 .38 247 76.475 .000 
Stature = (60.056+0.101H+0.114F+0.057T) ± 5.78 .41 211 49.675 .000 
Stature = (56.846+0.268R+0.051F+0.057T) ± 5.49 .44 80 20.662 .000 
Stature = (49.811+0.102H+0.232R+0.02F+0.049T)  ± 5.37 .48 75 16.945 .000 
 4 
Cardoso and Gomes (2009) analysed approximately 7000 years of mean stature in 5 
Portugal and observed a slow increase in it from prehistory to middle ages, followed by a 6 
negative trend to the late 19th century and a rapid increase during the second half of the 7 
20th century. This has also been recorded in other studies across Europe (Roberts and 8 
Manchester 2007, Arcini et al. 2014). However, some populations might have not reached 9 
the upper limit of human height potential (Stulp and Barrett 2016). Particularly in Portugal, 10 
a significant secular increase in stature was only observed after the 1960’s and 1970’s 11 
(Padez 2003), revealing the importance of using methods to estimate stature from an 12 



















Figure 4.8. Comparison between skeleton length and estimated stature by the long bones, for both females and males. Blue line represents the linear 
regression line slope and the grey area represents the 95% confidence interval.  
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4.8. Conclusion 1 
Tomar’s collection represents the general population that lived in Tomar at the time and 2 
not, or at least not only, the knights of the military order. The areas closer to the church 3 
represent individuals from higher socio-economic status than areas further away from the 4 
church. However, it is possible that the individuals from the highest and the lowest socio-5 
economic statuses are not represented among the sample excavated during the 2nd phase of 6 
the excavation. The data suggest that there were no differences, at least in burial, in socio-7 
economic status between males and females. Still, females may have been more exposed to 8 
physiological stress than males. 9 
Sex estimations based on the maximum length of long bones are population specific 10 
and using various long bone measurements to estimate sex increases the probability of 11 
accurately classifying a skeleton as either male or female. If not all of the bones are present 12 
the radius can still be used to estimate sex with a relatively high degree of precision. 13 
The artificial division of the excavated areas (Figure 2.4) makes it difficult to fully understand 14 
the distribution of the individuals within the graveyard. Some individuals from area 14, for 15 
example, may actually have been buried closer to the church than some skeletons in area 15 16 
(Figure 2.4). The individuals with the highest socio-economic status would be buried inside 17 
the church and those with the lowest socio-economic status were probably buried in the 18 
areas excavated during the 1st phase of the excavation or even further from the church. This 19 
would mean that it was not possible to analyse the individuals from the highest and the 20 
lowest socio-economic status in Tomar. A detailed study of Tomar’s collection, the 21 
individuals from both the 1st and 2nd phase of the excavation, is necessary for a more 22 
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Chapter 5 1 
 2 
Did military orders influence the general population diet?  3 
Stable isotopes analysis from Medieval Tomar, Portugal 4 
 5 
Abstract 6 
This study integrates bone collagen stable isotope data (carbon, nitrogen and sulphur) from 7 
33 human adult tibiae (15 females, 18 males) and 13 faunal remains from Tomar, while it 8 
was under the Military Orders domain (11th – 17th centuries). Historical literature indicates 9 
that the amount of meat consumption among Templars was lower than in individuals with 10 
similar social status. In medieval times these Military Orders had total control of towns and 11 
angling and fishing rights, but their influence on the general population diet remains 12 
unknown. While no statistically significant differences (p>0.05) were found between sexes, 13 
social status, or for bone collagen δ13C and δ34S values between age groups, δ15N did differ 14 
significantly with age, which may be related to tooth loss in elderly individuals. Additionally, 15 
the human samples have higher stable isotope differences, in comparison to faunal samples, 16 
than would be expected within the food web, particularly for δ13C values. This human bone 17 
collagen δ13C values increase may reflect a diet rich in aquatic protein intake, which is also 18 
supported by δ34S values archived in human and faunal samples, and the presence of oysters 19 
and cockles shells at the excavation. The religious diet restrictions might have led to a higher 20 
intake of aquatic protein when meat consumption was not allowed. 21 
  22 
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5.1. Introduction 1 
This study investigates diet in a town ruled by religious military orders and how the general 2 
population diet may have adapted to religious dietary restrictions. This study is the first of 3 
its kind to analyse carbon, nitrogen and sulphur stable isotope data from skeletons of the 4 
11th – 17th centuries in Portugal. 5 
5.1.1.  Stable isotope analysis  6 
Analysis of stable isotope ratios from mineralized tissue has been widely used for dietary 7 
reconstruction. This technique is based on the assumption that “you are what you eat (plus 8 
a few ‰)” (DeNiro and Epstein 1976), as a consumer’s tissues reflect the isotopic array of 9 
the ingested foods. Food webs have an impact on carbon isotope values due to the 10 
correlation between animal tissues carbon values (δ13C) and their diet (DeNiro and Epstein 11 
1978, Teeri and Schoeller 1979). There is an increase in δ13C values in an animal’s body 12 
tissues relative to its diet due to the fractionation that occurs during the formation of 13 
tissues (van der Merwe and Vogel 1978). Primary consumers have a fractionation factor 14 
(increase in δ13C values) of approximately 5‰ in their bone collagen relative to their diet 15 
(van der Merwe and Vogel 1978, Ambrose and Norr 1993) and an increase of 1‰ between 16 
trophic levels (DeNiro and Epstein 1978, Tieszen et al. 1983). In marine plants the main 17 
carbon source is dissolved carbonate (0‰), instead of atmospheric CO2 (-7‰), therefore, 18 
this difference is reflected in the δ13C values in tissues of mammals feeding from these two 19 
different ecosystems (Tauber 1981, Chisholm et al. 1982, 1983). δ13C values in bone collagen 20 
can also help identifying freshwater resources. Katzenberg and Weber (1999) observed a 21 
range of – 14.2 to – 24.6‰ in fish bones in Siberia with higher δ13C values in species 22 
inhabiting shallow waters and lower δ13C values for fish inhabiting deeper open waters on 23 
the lake. Freshwater fish exhibit variation in δ13C values depending on the ecosystem as 24 
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freshwater plants have numerous sources of carbon, unlike terrestrial plants (Zohary et al. 1 
1994, Dufour et al. 1999). 2 
In terrestrial ecosystems there is an increment of 3‰ to 5‰ in stable nitrogen 3 
isotopes values (δ15N) between trophic levels when compared with consumer diet 4 
(Schoeninger et al. 1983, Minagawa and Wada 1984, Schoeninger and DeNiro 1984, 5 
Bocherens and Drucker 2003). This fractionation enables the use of δ15N values to infer 6 
trophic level and high δ15N values recorded in bone collagen usually indicates high-protein 7 
diets (Sponheimer et al. 2003). δ15N values can also be used to differentiate between 8 
terrestrial and marine food sources (DeNiro and Epstein 1981, Schoeninger et al. 1983, 9 
Walker and DeNiro 1986, Richards and Hedges 1999), especially when combined with 10 
carbon isotope data. Bone collagen δ15N values can also be used to analyse access to fresh 11 
water resources, as organisms in these ecosystems exhibit higher δ15N values than those in 12 
terrestrial ecosystems (van Klinken et al. 2000). 13 
Advances in mass spectrometry and methodology development, following the work 14 
of Leach et al. (1996) allow an easier and more frequent analysis of sulphur isotope data 15 
(δ34S). Sulphur isotope analysis can shed some light on the use of freshwater or marine 16 
resources (Nehlich and Richards 2009, Nehlich et al. 2010, Nehlich 2015), especially when 17 
combined with the analysis of carbon and nitrogen stable isotopes. A freshwater ecosystem, 18 
which is highly depending on the geological conditions and source of water sulphates 19 
(Nehlich 2015), has an impact on terrestrial δ34S values, especially if the fauna fed on the 20 
floodplains of the river (Fry 2002, Nehlich et al. 2011). δ34S values at riverine ecosystems fall 21 
between -5‰ and +15‰, but the values can be outside this range in relatively small 22 
geographical scale due to specific environmental conditions (Nehlich 2015). 23 
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5.1.2. Historic background  1 
The city of Tomar had a very important military role consolidating the Kingdom of Portugal 2 
by resisting the advances of the last Moroccan king of Hispania, Iacub ben Iuçuf Almançor 3 
(França 1994). The construction of the Convent of Christ, a Templar stronghold, began in 4 
1160 and was also likely around that time that the Church of Santa Maria do Olival was 5 
constructed (Conde 1996). In 1317 Pope Clement issued the Papal Bull Pastoralis 6 
Praeeminentiae, which instructed all Christian monarchs in Europe to arrest all Templars 7 
and seize their assets (Barber 2012). Portugal successfully lobbied the papacy and the 8 
Templars did not face a trial, instead the Order’s assets and personnel were transferred to 9 
the newly established Order of Christ, a continuation of the Templars in Portugal (Valente 10 
1998). Tomar then became a centre of Portuguese overseas expansion under Henry the 11 
Navigator, the Grand Master of the Order of Christ (Conde 1996). 12 
Trade in Europe began to increase in the 11th century (Malgosa 2011), since Tomar 13 
was located at the main Portuguese road connecting the North of the country to the limits 14 
of the Reconquista (Conde 1996). Given Tomar’s location it would have frequent movement 15 
of goods but also people and one of its functions was to receive and protect refugees in case 16 
of invasion (Conde 1996). 17 
According to historical data, the staple medieval diet in Portugal was bread 18 
accompanied by wine, olives and olive oil (Vicente 2013). A significant part of agriculture 19 
was focused on cereals but a large percentage of the harvest was inaccessible to peasants 20 
after paying tributes to lords and the church (Vicente 2013). Chestnuts and sweet acorns 21 
could sometimes substitute the bread (Vicente 2013) and some legumes could be reduced 22 
to flour when there was a lack of cereals (Gonçalves 2004). The acorns were frequently used 23 
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to feed the livestock, especially swine that also fed from various roots and mushrooms 1 
(Vicente 2013). 2 
Cattle were not abundant, compared to sheep and goats, and only the pigs were 3 
purposely raised for meat production (Gonçalves 2004). Other sources of meat were 4 
chicken, duck and goose as well as a variety of game (Gonçalves 2004). For the peasants, 5 
hunting could represent the only access to meat. However, in Tomar angling and warren 6 
rights were reserved for the military orders. Among medieval Iberian faunal assemblages 7 
the domestic animals predominate (Grau-Sologestoa 2017), which can be a result of hunt 8 
restrictions. Fish was an expensive food, with the exception of sardines which were more 9 
abundant and easy to preserve salted or smoked (Gonçalves 2004). Fish was indispensable 10 
during the numerous fast days that the medieval religious calendar imposed (Vicente 2013) 11 
but it was consumed more in the littoral despite the availability of Portuguese rivers 12 
(Gonçalves 2004). Molluscs and crustaceans were also part of the diet of all social status but 13 
were considered a “food of the poor” due to their abundance (Gonçalves 2004). 14 
Various studies suggest dietary differences between sex, age groups and social 15 
status in medieval times (e.g. Adamson 2004, Kjellström et al. 2009, Linderholm et al. 2008, 16 
Polet and Katzenberg 2003, Schutkowski et al. 1999, Reitsema et al. 2010, Reitsema and 17 
Vercellotti 2012). I expect that in Tomar there will be large dietary differences between 18 
sexes as a consequence of the presence of the religious military orders. Since fish was 19 
expensive but necessary for religious fasts and the military orders had angling and warren 20 
rights, I expect that the diet in Tomar may also reflect social status. The historical literature 21 
(Barber and Bate 2002) implies that the amount of meat consumption among Templars was 22 
lower than in individuals with similar social status, and the intake of vegetables was higher. 23 
In Tomar, merchants, crafters and farmers participated actively at the local army alongside 24 
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with knights, raising their status (Conde 1996) and probably having access to similar food 1 
resources to the Templars. Therefore general diet in Tomar is expected to be rich in aquatic 2 
protein. 3 
5.2. Materials and sampling 4 
This study analyses bone collagen stable isotope data from 33 human adult tibiae (15 5 
females, 18 males) and 13 fauna remains (2 wild Sus, 2 domestic Sus, 1 juvenile Sus, 1 6 
Canidae, 3 Bos, 1 Equus, 3 Ovicapridae) from Santa Maria do Olival graveyard (11th – 17th 7 
centuries), in Tomar, Portugal. Only individuals from areas 13 to 20 (2nd phase of the 8 
excavation, Figure 2.4) were analysed. Areas 13, 15, 18 and 19 were considered to be a 9 
place of burial for individuals with higher social status, not only due to the proximity to the 10 
church (Binski 1996, Daniell 1998, Graves 1989, Ottaway 1992, Platt 1981, Swanson 1989) 11 
but also because of the higher frequency of structured graves. Faunal remains were 12 
collected from areas 14, 17 and 20 (Figure 2.4). The faunal remains from area 20 were 13 
mixed with human remains in an ossuary with at least 14 human adults. The faunal remains 14 
recovered from areas 14 and 17 were in grave fill material. 15 
The skeletons (all ages and both sexes) distribution within the necropolis suggest 16 
that Santa Maria do Olival collection represents the general population of Tomar and not, or 17 
at least not only, the individuals from the military orders. The uniform spatial distribution 18 
between sexes within the graveyard and the use of structured graves for both males and 19 
females suggest that, at least at death, social status was not dependent on sex. However, 20 
social status seems to increase with age as older individuals were more frequently buried in 21 
structured graves.  22 
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Only individuals without signs of physiological stress were sampled in an attemptto 1 
estimate the diet of the general population and avoid isotopic data that may represent 2 
differing metabolism during disease and/or malnutrition (Steele and Daniel 1978, Hobson 3 
and Clark 1992, Hobson et al. 1993, Gaye-Siessegger et al. 2004, Fuller et al. 2005, 4 
D’Ortenzio et al. 2015). To avoid sampling individuals with physiological stress only 5 
individuals without skeletal markers of stress, such as cribra orbitalia or obvious enamel 6 
hypoplasias, were selected. Since low stature can also be associated with physiological 7 
stress (e.g. Haviland 1967, Morris and McAlpin 1979, Allen and Uauy 1994, Roberts and 8 
Manchester 2007, Moore and Ross 2013), only individuals with maximum length of the 9 
skeleton (measurement was taken during the excavation while the skeleton was still 10 
articulated, in situ, in extended supine position and used as a proxy for stature) equal or 11 
above the mean for this population (151.8±6.1cm for the females, n=256, 163.4±7.5cm for 12 
the males, n=287) were sampled. 13 
5.3. Methods 14 
Sex was estimated based on pelvic (Phenice 1969, Buikstraand Ubelaker 1994) and cranial 15 
features (Buikstravand Ubelaker 1994). Adult age at death estimates employed a 16 
combination of skeleton maturation (Scheuer and Black 2000), pubic symphysis 17 
degeneration (Brooks and Suchey 1990, Buikstraand Ubelaker 1994) and auricular surface 18 
degeneration (Lovejoy et al. 1985). The skeletons analysed were classified as young (18 to 19 
29 years), mature (30 to 60 years) and elderly (more than 60 years) adults. 20 
Collagen extraction was done following Longin (1971), Brown et al. (1988) and 21 
Richards and Hedges (1999). The collagen samples were weighed into tin capsules and 22 
combusted into CO2 and N2using an Elemental analyzer (Flash/EA) coupled to a Thermo 23 
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Finnigan DeltaPlus XL isotope ratio mass spectrometer via a ConFlo III interfaceat NERC 1 
Isotope Geosciences Facility (Nottingham, UK). Sulphur stable isotopes were analysed at the 2 
Faculdade de Ciências da Universidade de Lisboa (Lisbon, Portugal). δ13C values and δ15N 3 
values were calibrated using an in-house reference material M1360p (powdered gelatine 4 
from British Drug Houses) with expected δ values of –20.32‰ (calibrated against CH7, IAEA) 5 
and +8.12‰ (calibrated against N-1 and N-2, IAEA) for carbon and nitrogen respectively. 6 
Samples were run in duplicate and the 1σ reproducibility for mass spectrometry controls for 7 
these analyses were δ15N = ± 0.08‰ and δ13C = ± 0.07‰. The sulphur isotope analysis was 8 
done at SIIAF (University of Lisbon), using an IsoPrime mass spectrometer. The collagen was 9 
combusted with additional V2O5 and a pulse of oxygen. δ
34S values were calibrated using the 10 
inorganic international standards NBS127 (+20.3‰), IAEA S1 (-0.3‰) and casein protein 11 
(+4.0‰). Mass spectrometry control for these analyses was δ34S = ± 0.08‰ 12 
Mann-Whitney U non-parametric tests were used for pair-wise comparisons and 13 
Kruskal-Wallis non-parametric tests were used to compare more than two groups. All 14 
statistics were computed in SPSS 24 for Windows and p≤0.05 were considered statistically 15 
significant. 16 
5.4. Results 17 
The bones from all individuals in the present study had acceptable C:N ratios (2.9 to 3.6, 18 
DeNiro 1985) and S% (0.15% to 0.35%, Nehlich andRichards 2009) (Appendix, Tables A1 and 19 
A2). Herbivores, with the exception of Equus, have similar values for bone collagen δ13C 20 
values (-21.2‰ to -20.9‰), while bone collagen δ15N (4.8‰ to 7.8‰) and δ34S (13.1‰ to 21 
18.5‰) values are more variable (Figures 5.1 and 5.2). The domestic Sus and the only 22 
carnivore analysed (Canidae) have similar δ13C and δ15N values to the herbivores (Figure 23 
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5.1). The faunal remains have higher bone collagen δ34S values than the human remains 1 
(Figure 5.2), only the Equus displays bone collagen δ34S values expected for an exclusive 2 
terrestrial diet. 3 
Among the humans sampled there is an outlier, a male young adult. While his bone 4 
collagen δ15N values (12.3‰) are amongst the highest, his bone collagen δ13C values (-5 
15.4‰) is high (Figure 5.1) and he displays low bone collagen δ34S values (9.3%) compared 6 
to the other individuals (Figure 5.2). Overall, bone collagen δ15N and δ34S values recorded in 7 
the humans are more variable than their bone collagen δ13C values (Table 5.1). The females 8 
show higher variance in their bone collagen δ15N values, while the males display a higher 9 
variance in their bone collagen δ34S values (Table 5.1). There are no statistically significant 10 
differences (p>0.05) in stable isotope values between sexes, social status, or for δ13C and 11 
δ34S values between age groups. However, bone collagen δ15N values recorded in the 12 
human skeletons display significant differences (p=0.05) with age groups (Table 5.2).  13 
 14 
Table 5.1. Descriptive statistics for the stable isotope ratios analysed (δ13C, δ15N and δ34S) by sex and 15 
grouped sexes. 16 
 17 
  18 
  Female   Male   Female & Male 
Isotope δ13C δ15N δ34S 
 
δ13C δ15N δ34S 
 
δ13C δ15N δ34S 
Mean -18.6 10.7 13.4 
 
-18.5 10.9 12.9 
 
-18.6 10.8 13.1 
sd 0.4 0.9 0.9 
 
0.6 0.8 1.8 
 
0.5 0.8 1.5 
variance 0.1 0.8 0.8 
 
0.35 0.62 3.2 
 
0.2 0.7 2.0 
max -17.7 12.5 14.8 
 
-17.3 12.1 15.6 
 
-17.3 12.5 15.6 
min -19.1 9.0 11.5   -19.4 9.4 9.3   -19.4 9.0 9.3 
N 15 15 10  17 17 10  32 32 20 
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Table 5.2. Non-parametric statistics tests of stable isotope analysis (δ13C, δ15N and δ34S) comparing 1 
groups by sex, age and social status (without outlier). 2 
    δ13C δ15N δ34S 
Sex 
Mann-Whitney U 114.00 109.00 44.50 
p-value 0.61 0.48 0.68 
Age 
Kruskal-Wallis H 1.29 5.84 2.76 
p-value 0.53 0.05 0.25 
Social 
status 
Mann-Whitney U 114.00 108.00 41.50 





Figure 5.1. Stable isotope values of fauna and human (from different social status) bone collagen. 7 
Lines indicate the mean without the outlier (δ13C = -18.6‰, δ15N = 10.8‰) and two standard 8 
deviations (μ ± 2σ). Grey area indicates the expected values for the trophic level increase from the 9 





Figure 5.2. Stable isotope values of fauna and human bone collagen. Lines indicate themean without 2 
the outlier (δ13C = -18.6‰, δ34S = 13.1‰) and two standard deviations (μ ± 2σ). 3 
The individuals for which it was possible to estimate sex and age are represented in 4 
Figure 5.3 illustrating δ13C and δ15N values differences in bone collagen between age groups. 5 
While the young adults are above or close to the mean values for δ13C (-18.6‰) and δ15N 6 
(10.8‰) values, the elderly adults are all under the mean values for both δ13C and δ15N 7 
values (with the exception of one), but most fall within two standard deviations from the 8 






Figure 5.3. Stable isotope values of individuals with estimated sex and age. Lines indicate the mean 3 
and two standard deviations (μ ± 2σ) for all the samples except the outlier (δ13C = -18.6 ± 1.0‰, δ15N 4 
= 10.8 ± 1.7‰), the young (δ13C = -18.4 ± 0.9‰, δ15N = 11.4 ± 1.4‰) and the elderly (δ13C = -18.7 ± 5 






Figure 5.4. Stable isotope values (δ34S, δ15N and δ13C) of individuals from different social status and 3 
with estimated age (young, mature and elderly adults). 4 
 5 
  6 
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5.5. Discussion 1 
5.5.1. General diet at Tomar 2 
There might be dietary differences between different chronologies, especially after the 16th 3 
century with the introduction of new food sources, like C4 plants from America, but 4 
unfortunately it was not possible to decrease the chronological interval estimated for Tomar 5 
(11th – 17th centuries). The high density of burials and the fact that Christian burials usually 6 
do not have associated artefacts did not allow reliable dating. 7 
Herbivores’ δ13C values (-21.3‰ to -20.1‰, Figure 5.1, Appendix: Table A2) suggest 8 
a diet based on C3 plants (Vogel 1978, Schoeninger and DeNiro 1984, Chisholm 1989). 9 
Despite the wide range of the estimated chronology for Tomar’s necropolis (11th to 17th 10 
centuries) and the possibility that the analysed fauna represents different times (areas 14, 11 
17 and 20), the herbivores’ δ13C values are similar, arguing against the introduction of new 12 
food sources like maize (C4 plants). In contrast, bone collagen δ
15N values recorded in 13 
herbivores are more variable (4.8‰ to 7.9‰, Figure 5.1) and with some enrichment, 14 
particularly observed for the Ovicapridae. Enrichment in faunal bone collagen δ15N values 15 
may be related to variable animal husbandry practices and land management. Manured 16 
soils raise δ15N values in soil and plants (van Klinken et al. 2000, Bogaard et al. 2007), having 17 
an impact on the local food web. High δ15N values are particularly evident between the 18 
Ovicapridae, which may be related to different food sources for sheep (grass, hay) and goats 19 
(bushes, tree leaves/bark). The Ovicapridae have higher δ15N values than Bos. Higher δ15N 20 
values in Ovicapridae compared to Bos are also observed in faunal remains (Appendix, 21 
Figure A2) from Koksijde (Polet and Katzenberg 2003) but not from Benipeixcar (Alexander 22 
et al. 2015). The domestic and wild Sus have similar δ13C and δ15N values to the herbivores, 23 
as well as the only carnivore analysed (Canidae), suggesting a diet poor in animal protein. 24 
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While pigs are frequently kept as herbivores (e.g. Quirós Castillo 2013), dog isotopic ratios 1 
usually cluster with the humans (e.g. Haffman and Velemínský 2015, Quirós Castillo 2013, 2 
Lubritto et al. 2013). As dogs frequently eat food scraps, their isotope values can be 3 
indicative of a human diet poor in animal protein.  4 
The mean increase from faunal (except the Equus and Canidae) to human remains is 5 
2.3‰ (in some individuals more than 3‰, Figure 5.1) for δ13C values and 4.9‰ for the δ15N 6 
values. Some individuals have higher enrichment than would be expected within the food 7 
web: up to 1‰ for δ13C (Schoeninger et al. 1983, Minagawa and Wada 1984, Schoeninger 8 
and DeNiro 1984) and 3‰ to 5.7‰ for δ15N (van der MerI and Vogel 1978, Ambrose and 9 
Norr 1993). The trophic level increase expected based on the faunal isotope values would be 10 
between 7.8‰ and 13.6‰ for δ15N values and from -21.3‰ to -19.9‰ for δ13C values (grey 11 
area at Figure 5.1). While human δ15N values at Tomar range between 9.0‰ and 12.5‰ and 12 
can be explained by the trophic increment, their δ13C values vary between -19.4‰ and -13 
17.3‰, being clearly higher when compared to the faunal remains recovered in Tomar. 14 
These high δ13C values observed in the human remains can reflect a diet complemented by 15 
some aquatic (Tauber 1981, Chisholm et al. 1982, 1983) or C4 plants (Vogel et al. 1978, 16 
Chisholm 1989) intake. Due to the presence of oysters and cockles shells at the excavation 17 
(areas 14 and 17) and that the analysed fauna were feeding on C3 plants it is more probable 18 
that the δ13C values in the human bone collagen are related with aquatic protein than with 19 
C4 plants intake.  20 
To better understand diet at Tomar, δ34S values were also analysed for some faunal 21 
and human remains. Surprisingly, the fauna δ34S values are higher than would be expected 22 
for terrestrial animals (δ34S>12‰, Nehlich 2015) and correspond to values expected from 23 
coastal fauna influenced by marine sea spray (Nehlich 2015). However, Tomar is located at 24 
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approximately 70km from the coast and sea spray sulphates only reach up to 30km inland 1 
(Wakshal and Nielsen 1982). Tide floods from the Atlantic Ocean increase the Tagus River 2 
flow and its salinity, reaching the floodplains near Santarém (Figure 5.5) and increasing the 3 
sea spray reach but not enough to justify the δ34S values registered for the fauna on its own. 4 
Riverine sulphates can also be found on the riverbanks and floodplains, influencing 5 
the isotopic composition of the surrounding landscape (Fry 2002, Nehlich et al. 2011) and 6 
the values observed for Tomar’s fauna may be related to the livestock feeding on the 7 
floodplains. However, floodplains tend to have lower δ34S values than areas further away 8 
from freshwater ecosystems (Nehlich et al. 2011). Therefore it is possible that the use of 9 
algae as a fertilizer may have increased the δ34S values in the food web as fresh seaweed 10 
can also be used to feed livestock, mostly ruminants and pigs (Chapman and Chapman 11 
1980). In Portugal, algae has been used in agriculture previously to the 14th century (Veiga 12 
de Oliveira et al. 1975, Vieira and Santos 1995) but it would likely be restricted to coastal 13 
areas as algae are heavy and usually not carried very far inland (McHugh 2003). Even though 14 
the seaweed could be sundried and stored to be used as winter feedstuff for sheep and 15 
cattle (Evans and Critchley 2014) it would probably not be taken so far inland.  16 
δ34S values vary not only by dietary behaviour (Richards et al. 2001) but also by 17 
location (Hobson, 1999), ranging from -40‰ to +40‰ in terrestrial rocks (Nielsen et al. 18 
1991) and between -20‰ and +20‰ in terrestrial organic matter (Peterson and Fry 1987). 19 
The oxidation of sulphides and organic sulphur by microorganisms in the soils can also result 20 
in high δ34S values and therefore influence the food web (Böttcher et al. 1998, Nehlich et al. 21 
2011). Therefore it is possible that the higher δ34S values observed in the terrestrial fauna 22 
from Tomar may be related to the geochemistry of that area and not with agricultural or 23 
husbandry practices. Tomar is located at an area with evaporites, gypsum and marl (yellow 24 
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area at Figure 5.5) that would increase the δ34S values in the food webs of this region. The 1 
Equus, with the lowest δ34S (10.2‰, Figure 5.2), supports this hypothesis, as it was more 2 
mobile than the other domestic animals. The wild Sus also have lower δ34S values (14.6‰ 3 
and 14.8‰), which can also be related with a higher mobility. Interestingly, the human 4 
collagen from Tomar has lower δ34S values (9.3‰ to 15.6‰) than the faunal remains 5 
(13.1‰ to 18.5‰), suggesting that those terrestrial animals were not frequently consumed 6 
by the local population, who could have relied on other food sources from another 7 
geographical area with lower δ34S values in its geo-ecosystem.  8 
 9 
Figure 5.5. Geological map of Tomar’s region. Yellow area represents the evaporites, gypsum and 10 
marl. 1– Nabão River, 2 – Zêzere River, 3 – Tagus River.  11 
 12 
δ34S values at riverine ecosystems usually fall between -5‰ and +15‰ (Nehlich 13 
2015), but values can fall outside this range, depending on the geological surroundings of 14 
the river basin, ultimately influencing the δ34S values of the river fauna (Nehlich 2010, 2011). 15 
Unfortunately, fish bones were not recovered from Tomar’s excavation to confirm the 16 
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values of the fish consumed by this population. If fresh water protein intake was important 1 
and with low δ34S values, it could decrease the high δ34S values within the surroundings of 2 
Tomar, related to its particular geological context. However, Nabão River, that crosses 3 
Tomar, is also located within the same geological substrate and thus, δ34S values within its 4 
food webs are probably high. Zêzere River is located at approximately 10km from Tomar 5 
rising at Serra da Estrela (a granitic and metamorphic mountain range) and meeting the 6 
Tagus River (an international river) at about 15km from Tomar (Figure 5.5). Since Zêzere and 7 
Tagus rivers do not pass through an area with evaporites and gypsum, δ34S values of their 8 
food webs are probably lower than those at Nabão River. Human bone collagen δ34S values 9 
suggest that if they were eating fresh water protein it was probably coming from Zêzere 10 
and/or Tagus. Besides, their larger dimensions could offer more food sources than Nabão 11 
River. The presence of shells at the excavation suggests also some marine protein intake. 12 
Nazaré is the closest coastal town where today fish and octopus are still sundried at the 13 
beach, this way of preserving the fish might have allowed its consumption further inland, in 14 
towns like Tomar, alongside with fish from the surrounding rivers.  15 
The lower δ34S values registered in human bone collagen can also be related with 16 
terrestrial intake from a geographical location with lower δ34S values in its food webs. Since 17 
the staple medieval diet in Portugal was bread (Vicente 2013) it is possible that it was being 18 
made with flour from cereals grown in a location different from Tomar’s surroundings. If 19 
bread, made with cereals with low δ34S values, was consumed in high quantities, it could 20 
also have lowered the δ34S values of individuals, independently of the geological substrate 21 
in the surroundings of Tomar. The possibility of C4 plants being consumed only by humans 22 
cannot be excluded. It could have been entering their diet in the form of maize flour, for 23 
example, and if the maize was not cultivated in Tomar, it could explain both the lower δ34S 24 
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values and the higher δ13C values recorded in human bone collagen. However, the negative 1 
relation between δ34S and δ15N values (Figure 5.4) likely indicates that the higher δ15N 2 
values are related with protein with lower δ34S values and therefore the high δ15N values 3 
represent protein from fresh water rather than from terrestrial fauna. 4 
As Tomar was ruled by the Order of the Temple and later the Order of Christ 5 
(Vicente 2013) it is possible that religious dietary restrictions would be reflected in Tomar’s 6 
population. Also, in Tomar, merchants, crafters and farmers participated actively at local 7 
army levels alongside with knights, raising their status (Conde 1996) and probably giving 8 
them access to similar food resources. Müldner et al (2009) found isotopically distinct diets 9 
between bishops and the general population in Scotland, the latter having higher fish intake, 10 
related to religious fasting. As predicted, these dietary restrictions may have led to a higher 11 
intake of aquatic protein when meat consumption was not allowed with towns controlled by 12 
military orders likely being under increased pressure to follow religious dietary restrictions. 13 
More isotopic data from different places with similar chronologies is necessary to 14 
understand if the high intake of aquatic protein is due to the presence of the military orders 15 
at Tomar or if it was a generalised religious phenomenon. 16 
Human diet at medieval Tomar was complex and likely included food sources from 17 
outside Tomar. The general diet was poor in terrestrial protein and rich in fresh water 18 
protein with possible terrestrial protein from other geographical locations. 19 
  20 
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5.5.2. Dietary differences within Tomar 1 
Even though some historical (e.g. Adamson 2004) and anthropological (e.g. Kjellström et al. 2 
2009, Linderholm et al. 2008, Polet and Katzenberg 2003, Schutkowski et al. 1999, Reitsema 3 
et al. 2010, Reitsema and Vercellotti 2012) sources suggest different food access based on 4 
age, sex and status in medieval times, that was not observed in Tomar. When the skeletons 5 
sampled were grouped by sex, age or inferred social status only δ15N values in the age 6 
groups was statistically different (p<0.05, Table 5.2).  7 
The bone collagen of young adults display higher δ15N values than the elderly adults 8 
(Figure 5.4) suggesting a higher animal protein intake for the young individuals. Since only 9 
skeletons without signs of physiological stress were sampled the higher δ15N values for the 10 
young adults is not related to chronic stress (Steele and Daniel 1978, Hobson et al. 1993, 11 
Gaye-Siessegger et al. 2004, Fuller et al. 2005, Deschner et al. 2012, D’Ortenzio et al. 2015) 12 
that might have resulted in premature death, due to ill health (Wood et al. 1992). These 13 
isotopic differences between young and elderly adults may be related to severe tooth loss 14 
that was observed in elderly individuals who therefore may have had increased difficulty 15 
ingesting some foods along with changes associated with metabolism in the aging, such as 16 
reductions in taste, smell and hunger, and delayed rate of absorption (Roberts and 17 
Rosenberg 2006). The amount of fresh water fish is variable and not related to sex, social 18 
status or age (Figure 5.4). Overall, the skeletons analysed had similar diets with smaller δ34S 19 
differences compared to other European samples (e.g. Nehlich et al. 2011), despite the wide 20 
chronology estimated for Tomar’s necropolis (11th – 17th century). There are no δ34S values 21 
differences between age, sex or social status but there could be dietary differences between 22 
chronologies. Unfortunately it was not possible do date the faunal or human remains. 23 
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The absence of statistically significant isotopic differences between sexes (Table 5.2) 1 
suggests that males and females had similar protein intakes at Tomar, in contrast to what 2 
was expected. However, sample sizes may be too small and dispersed (sex, age, social status 3 
and chronology) to detect significant differences and the wide chronology of this collection 4 
could have also biased the results. The uniform spatial distribution for males and females 5 
within the graveyard and the use of structured graves for both sexes (Chapter 4) also 6 
suggest that, at least at death, social status was not dependent on sex though medieval 7 
society was male-dominant.  8 
The only outlier analysed, a young adult male, has higher values of both δ15N 9 
(12.3‰) and δ13C (-15.4‰) values and low δ34S (9.3‰) values. The low δ34S values suggest 10 
that this individual might be an outsider, coming from a place with lower δ34S values in its 11 
ecosystem, but the possibility of these isotopes values being the result of a high fresh water 12 
protein intake from low δ34S values cannot be excluded. The high δ13C and δ15N values can 13 
also represent a terrestrial diet rich in C4 plants, directly or fed to the livestock, particularly if 14 
this individual was from a different geographical location. 15 
Food can reflect social status and define social, cultural and religious boundaries 16 
(e.g. Thomas 2007, Curet and Pestle 2010), however this was not observed within the 17 
samples analysed. The δ13C, δ15N and δ34S values distribution is uniform when comparing 18 
individuals with higher and lower social status, opposite to what was predicted. Individuals 19 
from lower social status may be more susceptible to physiological stress, particularly due to 20 
malnutrition (e.g. Weston 2012). Since only individuals without skeletal signs of 21 
physiological stress (low stature, cribra orbitalia, porotic hyperostosis) were sampled, the 22 
ones with lower social status could have been avoided. Adult stature is determined by 23 
genetics but also has an environmental determinant (e.g. Haviland 1967, Larsen 1997, Bogin 24 
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1999, Cardoso and Gomes 2009). The areas further away from the church (1st phase of the 1 
excavation, Figure 2.4) better represent the individuals from the lower social status and the 2 
ones buried inside the church would be a better example of the people from higher social 3 
status. Therefore the individuals analysed probably represent the average population and 4 
neither of the social extremes. More isotopic data from different social and health status 5 
would help understand if the diet at Tomar was uniform or if our results were biased by 6 
selecting only apparently healthy individuals. 7 
5.5.3.  Other European studies  8 
Comparing the data with other late medieval European samples (Figure 5.6), those with 9 
similar δ13C and δ15N average values  are Koksijde (from a coastal Belgian monastery, 10 
Poletand Katzenberg 2003) and Rome (from an Italian mass grave, Salamon et al. 2008). 11 
Contrary to what would be expected the stable isotope values from Tomar are closer to the 12 
Belgian sample (Poletand Katzenberg 2003) than to the other Iberian samples (Lubritto et al. 13 
2013, Alexander et al. 2015), which may be related to religious dietary requirements, 14 
particularly low meat consumption, as the Belgian sample represents a monastic community 15 
(Poletand Katzenberg 2003). The similar faunal values for Tomar and Koksijde (Appendix, 16 
Figure A2) allow a comparison between the two locations, despite their geographical and 17 
social differences. The impact of religious directives of the Catholic Church on the diet has 18 
been registered before (Salamon et al. 2008). This was facilitated by industrial-scale fishing 19 
in the Atlantic (Barret et al. 2004) and improvement of food preservation methods (Heinrich 20 
1986, Robinson 2000). Müldner and Richards (2007) also associated the increased intake of 21 
aquatic protein (mostly marine fish with some freshwater fish or molluscs) at St. Andrew 22 
(Figure 5.6) with religious dietary habits in Later Middle Ages. Agricultural and husbandry 23 
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practices used during the Middle Ages may also explain the different isotopic values 1 
between the medieval skeletons buried in Tomar and the prehistoric ones, alongside with a 2 
higher aquatic protein intake (Figure 5.6). 3 
 Out of the Iberian samples compared, Tomar has the highest δ15N mean, particularly 4 
when compared to Zaballa (Lubrito et al. 2013), Treviño (Quirós Castillo 2013) and 5 
Zornoztegi (Quirós Castillo 2013). The high δ15N mean can represent high animal protein 6 
intake, however, δ34S values suggests a high aquatic protein intake which can also be related 7 
with high δ15N values. The faunal remains recovered from Zaballa (Lubrito et al. 2013), 8 
Treviño (Quirós Castillo 2013) and Zornoztegi (Quirós Castill, 2013) also have lower δ15N 9 
values when compared with the ones from Tomar. Colegiata St. Maria (Alexander et al. 10 
2015) and Benipeixcar (Alexander et al. 2015) have similar δ15N mean to Tomar’s but higher 11 
δ13C values, which the authors relate to C4 plants consumption (directly or fed to domestic 12 
animals) or marine fish intake. It is also important to note the different locations of the 13 
Spanish collections. While Zaballa, Treviño and Zornoztegi are located at the Basque 14 
Country, Northeast of Spain, at approximately 90km to the North Atlantic Ocean, the 15 
collections from Colegiata St. Maria and Benipeixcar are from Catalonia, South East of Spain, 16 
and at approximately 5km to the Mediterranean Sea. The different locations of these 17 
collections may explain why Colegiata St. Maria and Benipeixcar may have higher aquatic 18 
protein intake than Zaballa, Treviño and Zornoztegi. Tomar’s population has closer mean 19 
δ15N to the ones closer to the Mediterranean Sea, suggesting also a higher intake of aquatic 20 
protein, while the different δ13C values may be related to C4 plants consumption at 21 




Figure 5.6. Carbon and nitrogen stable isotope comparison between pre-historic and late medieval 2 
Tomar and other late medieval European samples. Portugal: Tomar (this study), Tomar prehistoric 3 
(n=2, Abrigo do Morgado Superior, unpublished data). Spain: Zaballa (n=14, 10th – 15th century, 4 
Lubritto et al., 2013), Treviño (n=15, 12th – 14th century, Quirós Castillo, 2013), Zornoztegi(n=7, 12th – 5 
14th century, Quirós Castillo, 2013), Colegiata St. Maria (n=24, 13th – 16th century, Alexander et al., 6 
2015),Benipeixcar (n=20, 15th – 16th century, Alexander et al., 2015). Italy: Rome (n=29 15th century 7 
Salamon et al., 2008), TrinoVercellese (n=30, 8th – 13th century, Reitsema et al., 2012). Poland: Giecz 8 
(n= 24, 11th – 12th century, Reitsema et al., 2010).Belgium: Koksijde (n=19, 12th – 15th century, Polet& 9 
Katzenberg, 2003). England: St. Andrew (n=155, 13th – 16th century, Müldner& Richards, 2007). 10 
 11 
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5.6. Conclusion 1 
This study is part of a larger project comparing stable isotopic data from individuals without 2 
skeletal lesions compatible with diseases and/or physiological stress (presented here) and 3 
those with signs of infectious diseases. Since skeletons with lesions were not analysed, this 4 
study might better represent the diet at Tomar, instead of metabolic changes during 5 
physiological stress. The bone collagen stable isotope values (δ13C, δ15N and δ34S values) 6 
suggest that individuals in Tomar had a complex diet, low in terrestrial animal protein and 7 
high in aquatic protein intake, despite its inland location, which could be related to the 8 
presence of the military orders in the town and more strict religious dietary restrictions. 9 
Dietary differences between sex or social status were not observed for the population of 10 
Tomar, but the quantity of aquatic protein intake is variable, with δ34S values ranging from 11 
11.4‰ to 15.6‰ (excluding the outlier). Diet appears to be very diverse in Medieval Iberia. 12 
Isotopic data from more archaeological sites are necessary to better understand how diet 13 
represents social, religious and economic factors, as well as increase our knowledge of 14 
trade, agricultural and husbandry practices in medieval times. Data from archaeological sites 15 
near Tomar would also help understanding the impact of the presence of religious orders on 16 
a town’s general population. 17 
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Chapter 6 1 
 2 
Diet and disease in Tomar, Portugal: comparing stable carbon and 3 
nitrogen isotope ratios between skeletons with and without signs 4 
of infectious disease 5 
 6 
Abstract 7 
This study explored the correspondence between stable isotope ratios and indicators of 8 
non-specific (periostitis and/or osteomyelitis) and specific (venereal syphilis) disease in a 9 
sample of human skeletons from a Portuguese archaeological collection. Additionally, this 10 
study examined stable carbon (δ13C) and nitrogen (δ15N) isotope ratios between individuals 11 
at different disease stages. δ13C and δ15N data from previously analysed skeletons without 12 
signs of infectious disease or physiological stress (n=32) were compared to new data from 13 
skeletons with active (n=6), healed (n=7) or a combination of both lesions (n=10). Skeletons 14 
with lesions (n=23) were also grouped as having only healed tibial periostitis (n=7), 15 
generalised non-specific (n=5) and generalised specific infections (n=2). The skeletons with 16 
lesions that did not fit into these groups (n=9) were not used in this analysis. The δ15N 17 
values from skeletons with non-specific generalised infections in several bones differed 18 
significantly when compared to skeletons that had either only healed tibial periostitis or 19 
were without lesions. Skeletons with venereal syphilis had similar mean δ13C and δ15N 20 
values to either skeletons without signs of disease or those with only healed tibial 21 
periostitis. These results suggest different diets may be linked into an individual’s 22 
susceptibility to these pathogens. Diet influences resistance to infectious disease, while 23 
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infections decrease nutrient availability, increase malabsorption and resting energy 1 
expenditure. Potentially therefore, combining isotopic evidence of diet with pathology may 2 
contribute to a new understanding of health and lifestyle in the past. 3 
6.1. Introduction 4 
The main objective of this study is to determine if there is a link between diet and health 5 
assessed by δ13C and δ15N ratios from bone collagen in skeletons that retain evidence of 6 
non-specific disease.  The stable isotope ratios from long bones’ collagen are a long-term 7 
measure of dietary protein consumed by an individual over a period of about 10 years of life 8 
(Hedges et al. 2007). Thus, I seek to determine if longer term diet corresponds with disease 9 
at the point of death.  Our predictions are as follows: 10 
Protein malnutrition over a long period of time impairs the immune system and 11 
increases the likelihood of an individual contracting an infectious disease (e.g. Calder 2013, 12 
Scrimshaw and SanGiovanni 1997, Woodward 1998, Woodward 2001). Therefore, 13 
individuals with skeletal signs of infectious diseases might have had different diets than 14 
those without skeletal lesions. Skeletons with signs of infection might have had a diet 15 
poorer in animal protein, than the individuals without lesions, which might have lowered 16 
their resistance to disease (e.g. Calder 2013, Kuvibidila et al. 1993, Scrimshaw and 17 
SanGiovanni 1997, Woodward 1998, Woodward 2001, Ulijaszek et al. 2012, Weston 2012).  18 
δ15N values in particular are very informative of trophic level and high δ15N values 19 
usually indicate high-protein diets (Schoeninger et al. 1983, Minagawa and Wada 1984, 20 
Schoeninger and DeNiro 1984, Bocherens and Drucker 2003). Therefore I predict that 21 
skeletons without signs of infectious disease have higher δ15N values than the ones with 22 
skeletal lesions. However, there are other factors that can raise the δ15N values including 23 
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physiological (Katzenberg and Lovell 1999, Oelbermann and Scheu 2001, Gaye-Siessegger et 1 
al. 2004, Deschner et al. 2012, D’Ortenzio et al. 2015) and/or nutritional stress (Steele and 2 
Daniel 1978, Hobson et al. 1993), which have been associated with δ15N increase due to 3 
protein catabolism. In prolonged cases of disease, nutritional or physiological stress, dietary 4 
protein cannot adequately replace nitrogen losses (Grossman et al. 1945, Powanda 1977, 5 
Welle 1999). Consequently, the body proteins are recycled resulting in high δ15N values (e.g. 6 
Steele and Daniel 1978, Hobson et al. 1993, Deschner et al, 2012, D’Ortenzio et al. 2015).  7 
Periostitis generally reflects a reaction to pathologic changes of the underlying bone, 8 
or part of it, but can also result from trauma and/or inflammation of the surrounding tissues 9 
(Ortner and Putschard 1985, Ortner 2003). Generalised infections (various bones with 10 
periostitis and/or osteomyelitis), on the other hand, might represent severe infections 11 
which spread across the body (Ortner and Putschard 1985, Ortner 2003). However, the 12 
presence of skeletal lesions can also represent good physiological state, allowing these 13 
individuals to survive long enough to the disease for it to be visible on their bones (Wood et 14 
al. 1992). Periostitis reflects physiological stress and morbidity but frequently represents 15 
later phases of the inflammation and succeeding recovery from the stress incident (Klaus 16 
2014). For this reason bone collagen δ15N and δ13C values from skeletons without lesions 17 
(and other skeletal markers of physiological stress, Chapter 5, Curto et al. 2018) will be 18 
compared with bone collagen δ15N and δ13C values from 1) skeletons with only healed tibial 19 
periostitis, 2) skeletons with non-specific generalised infections and 3) skeletons with 20 
venereal syphilis. 21 
Woven bone is produced during rapid bone formation and when it is observed in 22 
adults it is considered of pathological origin (Ortner and Putschard 1985, Ortner 2003). Since 23 
in chronic or healing stages the woven bone is rapidly remodelled into compact bone, 24 
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woven bone is considered a lesion which was active perimortem, while compact bone is 1 
considered a lesion which was healed perimortem (Ortner and Putschard 1985, Ortner 2 
2003). Chronic infectious diseases can also have various acute phases and be very 3 
informative about the nutritional adequacy of the diet in a specific community (Goodman 4 
and Martin 2002). Therefore, bone collagen δ15N and δ13C from skeletons without lesions 5 
(and other skeletal markers of physiological stress) will be compared with bone collagen 6 
δ15N and δ13C values from 1) skeletons with only active lesions, 2) skeletons with only 7 
healed lesions and 3) skeletons with both healed and active lesions. Since Protein 8 
malnutrition impairs the immune system (e.g. Calder 2013, Scrimshaw and SanGiovanni 9 
1997, Woodward 1998, Woodward 2001), I predict that skeletons without lesions have 10 
higher δ15N values than those with lesions, with the ones with only active lesions having the 11 
lowest δ15N values. The skeletons with only healed lesions are expected to have δ15N values 12 
similar to the skeletons without lesions as they survived the disease long enough for the 13 
bone to remodel into compact bone (Ortner and Putschard 1985, Ortner 2003, Wood et al. 14 
1992). 15 
6.1.1. Effect of diet on health 16 
Nutritional stress may result in either greater susceptibility to physiological stress or greater 17 
resilience to stress later in life (Bogin et al. 2007). Malnutrition impairs the immune system 18 
(e.g. Calder 1991, Scrimshaw and SanGiovanni 1997). Individuals with poorer nutrition are 19 
less resistant to infectious diseases, and infectious disease decreases nutrient availability 20 
(e.g. Martorell 1980, Mata et al. 1971). The effect of protein-energy malnutrition on aspects 21 
of immune function and susceptibility to infection (e.g. Kuvibidila et al. 1993, Scrimshaw and 22 
SanGiovanni 1997, Woodward, 1998, Woodward 2001) affects practically all forms of 23 
immunity, in particular cell mediated immunity (Kuvibidila et al. 1993, Woodward 1998, 24 
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2001), immune barrier function (Deitch et al. 1990, Sherman et al. 1985) and the functioning 1 
of lymphoid organs (Lee and Woodward 1996). On the other hand, infections can decrease 2 
nutrient availability due to malabsorption (e.g. Mitra et al. 1997) and increase resting energy 3 
expenditure, altering the metabolism and redistribution of nutrients (Calder 2013). 4 
However, if nutrition is adequate, diseases like tuberculosis may have a less severe 5 
infection, instead of an exacerbated infection, resulting in prolonged chronic infections with 6 
a higher probability to affect the skeleton (Ulijaszek et al. 2012).  7 
6.1.2. Skeletal lesions as health indicators 8 
Health is a complex state that can be reflected through skeletal indicators of physiological 9 
stress (Temple and Goodman 2014). Physiological stress can be related to a wide variety of 10 
factors such as disease and nutritional deficiencies (Armelagos 2003, Goodman and Martin 11 
2002, Huss-Ashmore et al. 1992, Zuckerman and Armelagos 2011). Even though systemic 12 
physiological stress is not directly observable in the skeleton their consequences, in some 13 
cases, are (Klaus 2014).  14 
Infectious diseases were a significant cause of death in past populations, particularly 15 
prior to the antibiotic era (Ortner and Putschard 1985). Pathogens can reach the skeleton by 16 
direct infection through wounds, extensions from adjacent soft tissue infections or spread 17 
by the blood from the site of a remote infection (Ortner and Putschard 1985, Ortner 2003). 18 
The body reacts to infection through an inflammatory response which aims to neutralize the 19 
pathogen and repair the resultant damage (Weston 2012). Infection damages the normal 20 
cells and accelerates the cell turnover (inflammatory process) (Ragsdale and Lehmer 2012). 21 
Inflammation affects the bone tissue at some level through the production of pathological 22 
skeletal phenotypes (e.g. Ragsdale and Lehmer 2012, Redlich and Smolen 2012). However, 23 
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inflammation can be caused by other factors (e.g. Larsen 1987, Ortner 2003, Ortner and 1 
Putschard 1985). Bone reacts in a limited number of ways (production or destruction of 2 
bone, or a combination of production and destruction of bone) for either infection or other 3 
causes such as trauma (e.g. Ragsdale and Lehmer 2012, Weston 2008, 2009). However, by 4 
analysing the skeleton as a whole and taking into account other bone-forming disorders, 5 
systemic non-specific infection remains a contextually plausible diagnostic option (Klaus 6 
2014).  7 
The bone changes associated with periostitis, an inflammation of the periosteum 8 
resulting in deposition of new bone (Bush 1989), vary from one or more layers of woven or 9 
compact bone to spiculae perpendicular to the surface of the bone (Ortner 2003). Periostitis 10 
not associated with a specific skeletal syndrome, particularly on the tibiae, can be linked to 11 
pathogens such as Staphylococcus or Streptococcus (Goodman and Martin 2002). However, 12 
the periosteum responds in a similar way regardless of the etiology (Weston 2008, Weston 13 
2009). Tibial periostitis is the most commonly reported skeletal lesions in archaeological 14 
samples (e.g. DeWitte 2010, Weston 2012), being frequently considered an indicator of non-15 
specific physiological stress (e.g. DeWitte 2010, Robb et al. 2001).  16 
In case of infection leading to pathological new bone formation, inflammation-17 
derived pathological periosteal new bone formation is rooted in biological stress (Klaus 18 
2014). Osteomyelitis is the result of the introduction of infectious agents into bone, 19 
affecting the medullar cavity (Ortner and Putschard 1985, Ortner 2003). Bones with 20 
osteomyelitis can present a combination of cloacae, sequestrated bone and involucrum or 21 
only reactive bone formation in the marrow and outer cortex that can result in smooth or 22 
lumpy compact bone (Ortner and Putschard 1985, Ortner 2003, Pinhasi 2008). The 23 
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expression of osteomyelitis can vary depending on age, nature of the initial infection and 1 
immunity of the individual (Pinhasi and Mays 2008). 2 
Acute infections are usually associated with rapid death rarely affecting the skeleton 3 
but it may also stimulate new bone formation (Ortner and Putschard 1985, Ortner 2003). 4 
Rapid bone formation produces woven bone (active lesions) that typically is the initial stage 5 
in many abnormal bone forming lesions caused by infection (Ortner and Putschard 1985, 6 
Ortner 2003). In chronic or healing stages (healed lesions) the woven bone is remodelled 7 
into compact bone (Ortner and Putschard 1985, Ortner 2003). However, chronic infectious 8 
diseases often have various acute phases. Chronic infections are very informative about the 9 
nutritional adequacy of the diet, the state of waste disposal and hygiene in a specific 10 
community (Goodman and Martin 2002). Infectious pathologies, especially when linked with 11 
malnutrition, are the largest contributor to morbidity and mortality worldwide (Keusch and 12 
Farthing 1986). The study of nutrition-infection interactions is important to understand the 13 
complexity of the relationships of these factors with immunological status, co-morbidity and 14 
mortality (Ulijaszek et al. 2012), especially in pre-antibiotic societies. 15 
New bone formation can also be considered an indicator of physiological stress and 16 
has been associated with lower socio-economic status (e.g. Goodman and Martin 2002, 17 
Peck 2013, Robb et al. 2001), systematic infections (e.g. Goodman and Martin 2002, Larsen 18 
2002, Ortner 2003), malnutrition (e.g. Weston 2012) and niacin deficiency (Paine and 19 
Brenton 2006), which can leave the individuals more susceptible to pathogens. Deposits of 20 
new bone may also be associated with elevated risks of mortality and are therefore 21 




6.1.3. Stable isotope analysis 1 
Analysis of stable isotope ratios from mineralized tissue has been widely used for dietary 2 
reconstruction. This technique is based on the assumption that “you are what you eat (plus 3 
a few ‰)” (DeNiro and Epstein 1976), as a consumer’s tissues reflect the isotopic array of 4 
the ingested foods.   5 
There is enrichment in δ13C values in an animal’s body tissues relative to its diet due 6 
to the fractionation that occurs during the tissue’s formation (van der Merwe and Vogel 7 
1978). Consumers have a carbon fractionation factor (enrichment in δ13C) of approximately 8 
5‰ in their bone collagen relative to their diet (Ambrose and Norr 1993, van der Merwe 9 
and Vogel 1978) and an enrichment of 1‰ between trophic levels (DeNiro and Epstein 10 
1978, Tieszen et al. 1983). There is an increase in δ15N values of 3‰ to 5‰ between trophic 11 
levels when compared with consumer’s diet (Bocherens and Drucker 2003, Minagawa and 12 
Wada 1984, Schoeninger and DeNiro 1984, Schoeninger et al. 1983). This fractionation 13 
enables the use of δ15N values to infer trophic level and high δ15N values recorded in bone 14 
collagen usually indicates high-protein diets (Sponheimer et al. 2003). There are other 15 
factors that can raise bone δ15N values, such as aridity (Ambrose and DeNiro 1986, Heaton 16 
1987, Heaton et al. 1986, Sealy et al. 1987), physiological (Deschner et al. 2012, D’Ortenzio 17 
et al. 2015, Gaye-Siesseger et al. 2004, Katzenberg and Lovell 1999, Oelbermann and Scheu 18 
2001) or protein stress (Hobson et al. 1993, Steele and Daniel 1978). 19 
Previous research on archaeological samples with and without lesions indicative of 20 
leprosy showed no significant differences in δ13C or δ15N values, suggesting that there were 21 
not dietary differences between the two groups (Bayliss et al. 2004, Linderholm and 22 
Kjellström 2011). However, other studies showed marked differences between individuals 23 
who survived childhood and those who did not (Beaumont et al. 2015, Reitsema et al. 24 
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2016), with the ones who survived having higher animal protein in their post-weaning diets 1 
(Reitsema et al. 2016) suggesting that investigation of dietary protein, using stable isotopic 2 
analysis, might be used to better understand disease and physiological stress in past 3 
populations. Skeletal indicators of physiological stress, such as low stature and cribra 4 
orbitalia, have also been related to long-term effects on health throughout reduced lifespan 5 
(Watts 2013) and increased risk of death during epidemics (DeWitte and Hughes-Morey 6 
2012, DeWitte and Wood 2008). 7 
6.1.4. Diet at Tomar 8 
People living in Tomar had a complex diet, low in terrestrial animal protein and high in 9 
aquatic protein intake, despite its inland location (Chapter 5, Curto et al. 2018). Being 10 
controlled by religious military orders (Conde 1996, Valente 1998), it is possible that their 11 
presence in the town would have an impact on the general population particularly on their 12 
diet (Chapter 5, Curto et al., 2018), due to religious fasting (Barber and Bate 2002, Müldner 13 
et al. 2009, Müldner and Richards 2007, Salamon et al. 2008). Fish was an expensive food 14 
source, particularly further away from the coast (Gonçalves 2004, Vicente 2013), therefore 15 
higher amounts of fish consumption may reflect higher socio-economic status (Chapter 5, 16 
Curto et al. 2018).   17 
There were no significant differences found between sexes or age groups for bone 18 
collagen δ13C and δ34S values, however δ15N values did differ significantly with age (lower 19 
δ15N in older individuals), which may be related to tooth loss in elderly individuals (Chapter 20 
5, Curto et al. 2018). There was one outlier, a young adult male, with higher values of both 21 
δ15N and δ13C values and lower δ34S values than the other skeletons analysed, suggesting he 22 
may be an outsider (Chapter 5, Curto et al. 2018). There were no differences between 23 
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inferred social status, estimated through burial type and proximity to the church (Chapter 5, 1 
Curto et al. 2018). 2 
6.2. Materials and Methods 3 
Santa Maria do Olival necropolis, at Tomar, is one of the largest in Europe (6,792 individuals 4 
recovered: 4,991 adults and 1,801 non-adults) but has not been continuously studied yet. 5 
Even though Tomar was a Templar town the distribution of the skeletons, of all ages and 6 
both sexes, within the necropolis suggests that Santa Maria do Olival collection represents 7 
the general population of Tomar and not, or at least not only, the individuals from the 8 
military orders (Chapter 5, Curto et al. 2018).  9 
Bone collagen stable isotope data (carbon, nitrogen and sulphur) from 32 human 10 
adult tibiae (15 females, 18 males) and 13 faunal remains (2 wild Sus, 2 domestic Sus, 1 11 
juvenile Sus, 1 Canidae, 3 Bos, 1 Equus, 3 Ovicapridae) from Tomar (11th – 17th century) were 12 
previously analysed to reconstruct the general diet of the population (Chapter 5, Curto et al. 13 
2018). These are reused here and compared to new isotope data from skeletons with signs 14 
of disease (Table 6.1). These data are compared to new isotope ratios from 23 adult 15 
individuals (8 females, 14 males, 1 undetermined) with skeletal lesions compatible with non-16 
specific (n=21) and specific (venereal syphilis, n=2) infectious diseases.  17 
All samples are from Santa Maria do Olival graveyard (areas 13 to 20, 11th to 17th 18 
centuries) in Tomar. The individuals without lesions (n=32), previously analysed (Chapter 5, 19 
Curto et al. 2018), were used to estimate the baseline diet at Tomar and were selected 20 
based on the absence of skeletal lesions or skeletal stress markers (see Chapter 5, Curto et 21 
al. 2018 for more detail, the outlier was not considered for this study). There were no 22 
significant differences found between sexes or inferred social status, estimated through 23 
burial type and proximity to the church (Chapter 5, Curto et al. 2018). 24 
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6.2.1. Estimating age and sex 1 
Sex was estimated based on pelvic (Phenice 1969, Buikstra and Ubelaker 1994) and cranial 2 
features (Buikstra and Ubelaker 1994). Adult age at death estimates employed a 3 
combination of skeleton maturation (Scheuer and Black 2000), pubic symphysis 4 
degeneration (Brooks and Suchey 1990, Buikstra and Ubelaker 1994) and auricular surface 5 
degeneration (Lovejoy et al. 1985). The skeletons analysed were grouped as young (18 to 30 6 
years, n=5), mature (31 to 60 years, n=8) and elderly (60+ years, n=4) adults, for six 7 
skeletons it was not possible to estimate age. 8 
6.2.2. Signs of infection 9 
From the 23 skeletons with lesions (Table 6.1), 21 have signs of non-specific infectious 10 
diseases and 2 have lesions compatible with specific infections (venereal syphilis). The 23 11 
individuals were grouped in two different ways: a) active (n=6), healed (n=7) and a 12 
combination of both active and healed lesions (n=10), b) Skeletons with only healed tibial 13 
perostitis (n=7), those with non-specific (n=5) and specific (n=2) infectious diseases, while 14 
individuals who did not fit into these groups (n=9) were not considered for this analysis.  15 
Skeletal lesions were considered to be from possible infectious causes if abnormal 16 
bone formation or bone formation and destruction, compatible with periostitis or 17 
osteomyelitis (Ortner and Putschard 1985, Buikstra and Ubelaker 1994, Aufderheide and 18 
Rodríguez-Martín 1998, Ortner 2003), were present and not associated with trauma. 19 
Periostitis usually represents pathologic changes resulting in new bone growth, which is 20 
remodelled into lamellar bone during the healing process, but it can also result from 21 
inflammation of the surrounding tissues following a trauma (Ortner and Putschard 1985, 22 
Ortner 2003).  23 
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  For this study, lesions scored 2 (markedly accentuated longitudinal striations on the 1 
surface of cortical bone, Steckel et al. 2006) to 5 (extensive periosteal reaction involving 2 
over half of the diaphysis, with cortical expansion, pronounced deformation, Steckel et al. 3 
2006) were considered periostitis. Lesions that were scored as 6 (involving most of the 4 
diaphysis with cloacae, Steckel et al. 2006) were taken as evidence of osteomyelitis. 5 
Periostitis or osteomyelitis associated with fractures was not considered for this study.  6 
Lesions with unremodelled woven bone (Figure 3.4) were considered active at the 7 
time of death (Ortner and Putschard 1985, Ortner 2003). Rapidly formed woven bone is 8 
poorly organized and has a porous appearance due to the loose organization of the 9 
mineralized osteoid fibres (Ortner and Putschard 1985, Ortner 2003). Markedly accentuated 10 
longitudinal striations (Figure 3.2) and compact bone growth (Figure 3.5), without the 11 
presence of woven bone, were considered healed lesions (Ortner and Putschard 1985, 12 
Ortner 2003). The presence of both compact bony growth and woven bone was considered 13 
a combination of both healed and active lesions. The skeletons with only active lesions 14 
represent infectious diseases active perimortem and the ones with only healed lesions 15 
represent healed individuals. Skeletons with a combination of both types of lesions 16 
represent chronic infections, to which the individuals survived long enough to the disease 17 
for the bone to heal but with the disease still present. The skeletons with the different 18 
lesions (healed, active and both) were combined and compared with the individuals without 19 
lesions, by age group: young without lesions (n=8), young with lesions (n=5), mature without 20 
lesions (n=13), mature with lesions (n=8), elderly without lesions (n=4) and elderly with 21 
lesions (n=4). 22 
Since tibial periostitis is frequently used as an indicator of physiological stress (e.g. 23 
DeWitte 2010, Robb et al. 2001) and can be caused by a variety of factors, including trauma, 24 
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only individuals with bilateral healed periostitis on the tibiae were selected (markedly 1 
accentuated longitudinal striations, score 2, Steckel et al. 2006). The cases of venereal 2 
syphilis were diagnosed due to the presence of caries sicca, a sign specifically characteristic 3 
of venereal syphilis (Ortner and Putschard 1985, Aufderheide and Rodriguez-Martin 1998, 4 
Ortner 2003). These groups with signs of infections where then compared with the 5 
skeletons without lesions (n=32, Chapter 5, Curto et al. 2018).  6 
The skeletons were grouped in different ways to better understand how diet may 7 
affect the susceptibility to generalised infections (by grouping non-specific generalised 8 
infections, specific generalised infections and individuals with only healed tibial periostitis) 9 
or the ability to recover from infectious diseases (by grouping the skeletons as having active, 10 
healed or a combination of both active and healed lesions).  11 
 Only tibiae collagen was analysed in an attempt to estimate the average long term 12 
diet of the individuals and avoid stable isotopes data that may represent different diet 13 
and/or metabolism during the disease. Following the attempt to avoid stable isotope values 14 
related to faster bone remodelling and therefore more recent diet, samples were only 15 
collected at areas of the bone without any sign of lesions. 16 
6.2.3. Collagen extraction and analysis 17 
Collagen extraction was done following Longin (1971), Brown et al. (1988) and Richards and 18 
Hedges (1999). The collagen samples were weighed into tin capsules and combusted into 19 
CO2 and N2 in an isotope-ratio mass spectrometer at NERC Isotope Geosciences Facility and 20 
HERCULES laboratory. At NERC, δ13C and δ15N values were calibrated using an in-house 21 
reference material M1360p (powdered gelatine from British Drug Houses) with expected δ 22 
values of –20.32‰ (calibrated against CH7, IAEA) and +8.12‰ (calibrated against N-1 and N-23 
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2, IAEA) for carbon and nitrogen respectively. Samples were run in duplicate and the 1σ 1 
reproducibility for mass spectrometry controls for these analyses were δ15N = ±0.08‰ and 2 
δ13C = ±0.07‰. At HERCULES Laboratory, δ13C and δ15N values were calibrated using IAEA-3 
CH-6 (sucrose, −10.449‰), IAEA-CH-7 (polyethylene, −32.151‰), IAEA-N-1 (ammonium 4 
sulphate, +0.4‰) and IAEA-N-2 (ammonium sulphate, +20.3‰). Measurement errors were 5 
less than ±0.1‰ for δ13C values and ±0.2‰ for δ15N values. 6 
Mann-Whitney U non-parametric tests were used for pair-wise comparisons and 7 
Kruskal-Wallis non-parametric tests were used to compare more than two groups. All 8 
statistics were computed in SPSS 24 for Windows and p-values ≤0.05 were considered 9 
statistically significant. 10 
6.3. Results 11 
Individual isotopic data and collagen integrity for lesion and non-lesion sites can be found 12 
in the Appendix (Table A4). 13 
6.3.1. Bone collagen δ13C and δ15N values of skeletons with generalised 14 
infections or healed tibial periostitis compared to skeletons without lesions 15 
Osteomyelitits was only observed in the skeletons with venereal syphilis (skeletons 16.225 16 
and 18.158) and skeleton 16.255 (δ13C=-18.7‰, δ15N=10.0‰), a mature male with 17 
osteomyelitis on the right tibia. Therefore, the results from this study are focused mainly on 18 
lesions within the scope of periostitis.  19 
Figure 6.1 illustrates the δ13C and δ15N values for skeletons without lesions (n=32, 20 
Chapter 5, Curto et al. 2018), with only healed tibial periostitis (n=7) and those with 21 
generalised specific (n=2) and non-specific (n=5) infections. There is one outlier with healed 22 
tibial periostitis (δ13C=-15.6‰, δ15N=11.5‰) that seems to have very different diet from the 23 
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general population and therefore was not considered for the statistical analysis. Among the 1 
individuals with skeletal lesions, the ones with healed tibial periostitis (n=6, one is an 2 
outlier) have the highest mean values for both δ13C (-18.0±1.1‰, Table 6.1) and δ15N 3 
(10.9±0.7‰, Table 6.1) values, while those with non-specific generalised infections (n=5) 4 
have the lowest mean for δ13C (-18.7±0.8‰, Table 6.1) and δ15N (9.9±0.4‰, Table 6.1). The 5 
skeletons with venereal syphilis (n=2) have similar mean values (δ13C=-18.5±0.2‰, 6 
δ15N=11.2±0.3‰) to the skeletons without lesions (n=32, δ13C=-18.6±0.5‰, 7 
δ15N=10.8±0.8‰) and those with only healed tibial periostitis (n=6), however the sample 8 
size is too small for an appropriate statistical analysis. The difference in δ15N between 9 
skeletons with non-specific generalised infection (δ13C=-18.7±0.8‰, δ15N=9.9±0.4‰) and 10 
healed periostits (δ13C=-18.1±1.2‰, δ15N=11.2±0.4‰) is highly significant (p<0.003, Table 11 
6.2) as is the difference between skeletons with non-specific generalised infection and those 12 
without lesions (δ13C=-18.5±0.7‰, δ15N=10.9±0.9‰) (p<0.004, Table 6.1). There are no 13 
statistically significant differences for δ13C (p>0.53, Table 6.1) or between skeletons without 14 
lesions and skeletons with only healed tibial periostitis for both δ13C and δ15N (p>0.20).  15 
Table 6.1. Mean, standard deviation and non parametric tests for δ13C and δ15N (‰) of individuals 16 
without lesions, with healed periostitis and with generalized infections (without outliers). Data from 17 
skeletons without lesions previously analysed in Chapter 5 (Curto et al. 2018). 18 
 N  
Mean ± sd 
 






Without lesions 32 
 





Healed periostitis 6 
 
-18.0 ± 1.1 10.9 ± 0.6 
 
0.49 0.21 sig 
Without lesions 32 
 









-18.7 ± 0.8 9.9 ± 0.4 
 
0.74 0.00 sig 
Healed periostitis 6 
 









-18.7 ± 0.8 9.9 ± 0.4 
 





Figure 6.1. δ13C and δ15N values (‰) for individuals without lesions, with healed periostitis and with 2 
generalized infections. Data from skeletons without lesions previously analysed in Chapter 5 (Curto 3 








Table 6.2. Mean, standard deviation and non parametric tests for δ13C and δ15N values (‰) of 1 
individuals with and without lesions, by age group (without outliers). Data from skeletons without 2 
lesions previously analysed in Chapter 5 (Curto et al. 2018). 3 
    
N 
  Mean ± sd   Non parametric test 





Without lesions 7 
 
-18.5 ± 0.4 11.4 ± 0.7 
 
7.00 7.00 Mann-Whitney U 
With lesions 5 
 
-18.8 ± 0.4 10.5 ± 0.8 
 
0.09 0.09 sig 
Mature 
Without lesions 13 
 
-18.6 ± 0.6 10.5 ± 0.7 
 
60.00 59.00 Mann-Whitney U 
With lesions 8 
 
-18.5 ± 0.5 10.7 ± 0.7 
 
0.51 0.49 sig 
Old 
Without lesions 4 
 
-18.6 ± 0.3 10.7 ± 1.2 
 
5.00 6.00 Mann-Whitney U 
With lesions 4   -18.4 ± 0.3 10.3 ± 0.4 
  
0.39 0.56 sig 
 4 
 5 
6.3.2. Bone collagen δ13C and δ15N values of skeletons with lesions 6 
compared to skeletons without lesions, by age groups 7 
Figure 6.5 illustrates δ13C and δ15N values for individuals with (including healed, active or a 8 
combination of both lesions) and without lesions by age group (Table 6.3). Young adults 9 
without lesions (n=8) have higher δ13C (-18.5±0.4‰) and δ15N (11.4±0.7‰) than the ones 10 
with lesions (n=5, δ13C=-18.8±0.4‰, δ15N=10.5±0.8‰) but still falling within the two 11 
standard deviations of each other and the general sample without lesions. There is no 12 
statistically significant differences in δ13C or δ15N values for the mature (without lesions: 13 
n=13, δ13C=-18.6±0.6‰, δ15N=10.5±0.7‰, with lesions: n=8, δ13C=-18.5±0.5‰, δ15N= 14 
10.7±0.7‰) and elderly adults (without lesions: n=4, δ13C=-18.6±0.3‰, δ15N=10.7±1.2‰, 15 
with lesions: n=4, δ13C=-18.4±0.3‰, δ15N=10.3±0.4‰) (p>0.38, Table 6.3). 16 
  17 
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Table 6.3. Mean, standard deviation and non parametric tests for δ13C and δ15N values (‰) of 1 
individuals with different types of lesions and without lesions (without outliers). Data from skeletons 2 
without lesions previously analysed in Chapter 2 (Curto et al. 2018). 3 
 N  
Mean ± sd 
 






Without lesions 32 
 
-18.6 ± 0.5 10.8 ± 0.8 
 
66.00 77.00 Mann-Whitney U 
Healed lesions 6 
 
-18.4 ± 0.4 10.8 ± 0.7 
 
0.53 0.89 sig 
Without lesions 32 
 
-18.6 ± 0.5 10.8 ± 0.8 
 
87.00 73.00 Mann-Whitney U 
Active lesions 6 
 
-18.5 ±0.7 10.5 ± 0.7 
 
0.72 0.36 sig 
Without lesions 32 
 
-18.6 ± 0.5 10.8 ± 0.8 
 
120.00 134.00 Mann-Whitney U 
Both lesions 10 
 
-18.4 ± 0.2 10.7 ± 0.8 
 
0.24 0.44 sig 
 4 
6.3.3. Bone collagen δ13C and δ15N values of skeletons with active, healed 5 
or a combination of both lesions compared to skeletons without lesions 6 
The only healed lesions were found within the mature adults group (Figure 6.5). Results 7 
show there is no statistically significant difference in δ13C or δ15N values when the skeletons 8 
without visible lesions (n=32, δ13C=-18.6±0.5‰, δ15N=10.8±0.8‰, Table 6.3) were 9 
compared with the skeletons with healed (n=6, δ13C=-18.4±0.4‰, δ15N=10.8±0.7‰, p=0.53, 10 
Table 6.3), active (n=6, δ13C=-18.5±0.7‰, δ15N=10.5±0.7‰, p=0.72, Table 6.3) or a 11 




Figure 6.2. δ13C and δ15N values (‰) for individuals with and without lesions, by age group (means 2 
calculated without outliers). Data from skeletons without lesions previously analysed in Chapter 5 3 
(Curto et al. 2018). 4 
 5 
  6 
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6.4. Discussion 1 
6.4.1. Bone collagen δ13C and δ15N values of skeletons with generalised 2 
infections or healed tibial periostitis compared to skeletons without lesions 3 
The δ15N enrichment observed in skeletons with only healed tibial periostitis (N=6, without 4 
the outlier), when compared to those with non-specific generalised infections (n=5), may 5 
represent evidence of chronic physiological stress (Steele and Daniel 1978, Hobson et al. 6 
1993, Gaye-Siessegger et al. 2004, Fuller et al. 2005, Deschner et al. 2012, D’Ortenzio et al. 7 
2015, Scorrano et al. 2014). However, the individuals with non-specific generalised 8 
infections (n=5) were also exposed to chronic physiological stress and survived long enough 9 
for it to be observable in their bones (Wood et al. 1992), yet they display lower δ15N 10 
(9.9±0.4‰) than the individuals without lesions (n=32, δ15N=10.8±0.8‰), those with only 11 
healed tibial periostitis (n=6, δ15N=10.9±0.7‰) and the ones with venereal syphilis (n=2, 12 
δ15N=10.5±0.6‰).  13 
The only skeleton with osteomyelitis (16.255), besides the ones with venereal 14 
syphilis, has similar δ13C (-18.7‰) and δ15N (10.0‰) to the individuals with non-specific 15 
generalised infections (δ13C=-18.7±0.8‰, δ15N=9.9±0.4‰, Table 6.2), suggesting that a diet 16 
lower in animal protein might have made him more susceptible to infectious disease (e.g. 17 
Kuvibidila et al. 1993, Scrimshaw and SanGiovanni 1997, Woodward 1998, Woodward 18 
2001). Venereal syphilis is a sexually transmitted disease and human hosts have no natural 19 
immunity to pathogenic treponemes (Kiple 1993). Therefore, the immune system of the 20 
individuals before the disease is not as relevant to the individuals’ susceptibility to these 21 
infections. However, good health prior to venereal syphilis infection may prolong the 22 
individual’s survival (not only to the treponeme but also to other infections trough skin 23 
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ulcers which increase the exposure to other pathogens) and increase the amount and 1 
severity of the lesions (Wood et al. 1992).  2 
The skeletons without lesions were also carefully chosen not only based on the 3 
absence of infectious lesions (including tibial periostitis) but also other physiological stress 4 
indicators such as cribra orbitalia, porotic hyperostosis, enamel hypoplasias and stature 5 
above the average for the population under study (Chapter 5, Curto et al. 2018). Even so, 6 
the skeletons with only healed tibial periostitis have similar δ13C and δ15N to those without 7 
any sign of physiological stress (Figure 6.4). 8 
The osteological paradox (Wood et al. 1999) may explain the higher δ13C and δ15N 9 
for the skeletons with only healed tibial periostitis when compared to the ones with non-10 
specific generalised infections (Figure 6.1 and Table 6.2). It is possible that the skeletons 11 
with only healed tibial periostitis had a diet richer in animal protein and therefore were 12 
more resistant to diseases (e.g. Calder 2013, Kuvibidila et al. 1993, Scrimshaw and 13 
SanGiovanni 1997, Woodward 1998, Woodward 2001, Ulijaszek et al. 2012, Weston 2012) 14 
than those who had non-specific generalised infections. It has been argued that individuals 15 
with healed periostitis are of lower frailty, having a lower risk of death (e.g. DeWitte 2010, 16 
Ortner 2003, Wood et al. 1992). 17 
The diet of the population under study was complex and likely included food sources 18 
from outside Tomar (Chapter 5, Curto et al. 2018). The diet of these individuals was poor in 19 
terrestrial protein and rich in aquatic protein (δ13C=-18.6‰, δ15N=10.8‰, δ34S=13.1‰, 20 
Chapter 5, Curto et al. 2018). Stable isotope values are similar for males and females but the 21 
young adults have higher δ15N (11.4±0.6‰) than the elderly adults (10.6±0.8‰), suggesting 22 
a higher animal protein intake for the young individuals (Chapter 5, Curto et al. 2018). The 23 
high δ15N from skeletons without lesions seem to be related with higher aquatic protein 24 
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intake (Chapter 5, Curto et al. 2018), which may be related with these individuals having 1 
better health than those with signs of infection. Since fish was expensive (Gonçalves 2004) 2 
and the military orders had angling rights (Vicente 2013) it is also possible that the 3 
individuals without skeletal stress markers, or only healed tibial periostitis, had a higher 4 
socio-economic status. Socio-economic status may also have an impact on an individual’s 5 
diet, not only directly on their diet but also the type of pathogens they would be exposed to. 6 
The effect of protein malnutrition on the immune system is well known (Calder 2013, 7 
Kuvibidila et al. 1993, Scrimshaw and SanGiovanni 1997, Woodward 1998, Woodward 2001) 8 
and the possibility of dietary differences being present before the disease cannot be 9 
excluded.  δ15N values were significantly different between skeletons with non-specific 10 
generalised infections and those without lesions (p<0.004) or with only healed tibial 11 
periostitis (p<0.003). The higher δ15N values values observed in the two individuals with 12 
venereal syphilis, may not be related to physiological stress but may be due to the nature of 13 
the disease instead (sexually transmitted infection) and the δ15N values might suggest a 14 
richer diet that could have allowed survival despite the disease and susceptibility to other 15 
pathogens. The possibility of these δ15N differences being related with social status cannot 16 
be excluded. Various studies suggest dietary differences between sex and social status in 17 
Medieval times (e.g. Adamson 2004, Kjellström et al. 2009, Linderholm et al. 2008, Polet and 18 
Katzenberg 2003, Schutkowski et al. 1999, Reitsema et al. 2010, Reitsema and Vercellotti 19 
2012). However, a previous study showed no significant stable isotope data between 20 
individuals of different sex or social status in Tomar (Chapter 5, Curto et al. 2018). 21 
There are two outliers among the skeletons sampled for isotopic analysis (Figure 22 
6.1), one without lesions and another one with healed tibial periostitis. The skeleton 23 
without lesions, a young adult male, might be an outsider as his sulphur isotopes ratios 24 
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(9.3‰) differ from the other individuals without lesions (mean δ34S=13.1‰, Chapter 5, 1 
Curto et al., 2018). This skeleton was not considered for the statistical analysis. There are no 2 
sulphur isotopes values for the outlier with healed tibial periostitis but δ13C (-15.6‰) and 3 
δ15N (11.5‰) values are similar to those of the outlier without lesions (δ13C=-15.4‰, 4 
δ15N=12.3‰).  5 
6.4.2. Bone collagen δ13C and δ15N values of skeletons with lesions 6 
compared to skeletons without lesions 7 
The values for the young adults show a statistical trend towards a significance (p<0.09, Table 8 
6.3) difference in both δ13C and δ15N values between skeletons with (n=5) and without (n=8) 9 
lesions. Young individuals without lesions have higher δ13C (-18.5±0.4‰) and δ15N 10 
(11.4±0.7‰) than those with lesions (δ13C=-18.8±0.4‰, δ15N=10.5±0.8‰), which may 11 
suggest that the individuals with lesions may have had a diet with lower animal protein 12 
(Figure 6.2). There is no difference for mature (p>0.49, Table 6.3) and elderly (p>0.39, Table 13 
6.3) individuals with or without lesions. Previous research on archaeological samples 14 
showed marked differences between individuals who survived childhood and those who did 15 
not (Beaumont et al. 2015, Reitsema et al. 2016), with the ones who survived having higher 16 
animal protein in their post-weaning diets (Reitsema et al. 2016) suggesting that diet at 17 
younger ages can have a high impact on the health status of an individual. The impact of 18 
diet on an individual’s health might be prolonged throughout adult life as well. The young 19 
adult skeletons analysed do not have healed lesions, only active or a combination of both 20 
active and healed lesions, meaning that they died during acute phases of the disease 21 
(Ortner and Putschard 1985, Ortner 2003, Turner-Walker 2008). 22 
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6.4.3.  Bone collagen δ13C and δ15N values of skeletons with active, healed 1 
or a combination of both lesions compared to skeletons without lesions 2 
The absence of significant differences in δ13C or δ15N between individuals without lesions 3 
(n=32, δ13C=-18.6±0.5‰, δ15N=10.8±0.8‰, Table 4) and those with healed (n=6, δ13C=-4 
18.4±0.4‰, δ15N=10.8±0.7‰, Table 4), active (n=6, δ13C=-18.5±0.7‰, δ15N=10.5±0.7‰, 5 
Table 4) or a combination of both lesions (n=10, δ13C=-18.4±0.2‰, δ15N=10.7±0.8‰, 6 
p=0.24, Table 4) suggests that diet may have a higher impact on the susceptibility to chronic 7 
generalised infections than to infectious disease in general. It is therefore important to take 8 
into account the severity and stage of the disease. The δ15N average is slightly higher for the 9 
individuals without lesions (10.8‰, n=32) than for the one ones with active lesions (10.5‰, 10 
n=6, Table 4). This slight difference may indicate that the individuals without lesions might 11 
have a diet richer in animal protein than those with active lesions, however the sample size 12 
is too small to make conclusions.  13 
  14 
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6.5. Conclusion 1 
This study explored the dietary differences between individuals with and without skeletal 2 
lesions compatible with infectious diseases to better understand the impact of diet on 3 
individuals’ health status and their susceptibility to infectious disease. There is a highly 4 
significant difference in δ15N values between skeletons with healed tibial periostitis and 5 
non-specific generalised infection, as well as a difference at the margin of statistical 6 
significance between skeletons without lesions and those with generalised infections. These 7 
results suggest that the individuals with non-specific generalised infections had diets lower 8 
in animal protein than those without lesions or with only healed tibial periostitis. Poorer 9 
diets may increase susceptibility to pathogens leading more frequently to generalised 10 
infections while richer diets might increase the survivorship and ability to heal from 11 
infectious diseases. However, the possibility of these isotope ratios being a result of the 12 
disease cannot be excluded and more data from different periods of time within the 13 
individual's’ life is necessary to understand when these differences started to manifest. 14 
These results indicate that diet has a higher impact on the health status of young people 15 
than mature or elderly individuals, being linked to selective mortality. Our results suggest 16 
that while non-specific generalised infections are a sign of ill health and poor diet, only 17 
healed tibial periostitis may indicate a state of comparatively good overall health and diet. 18 
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Chapter 7 1 
 2 




This study compared stable isotope ratios from cortical bone (long bones and ribs) sites that 7 
retained evidence of healed or active disease, or healed fracture to isotope ratios from 8 
regions on the same bone that did not retain evidence of disease or fractures. Carbon (δ13C) 9 
and nitrogen (δ15N) isotope ratios were assessed in 33 skeletons that retained evidence of 10 
infectious disease and healed fractures. Samples were taken from active lesions (long bones 11 
n=14, ribs n=4), healed lesions (long bones n=10, ribs n=9) or a fracture callus (long bones 12 
n=9, ribs n=3). Results were compared to stable isotope ratios calculated for regions on 13 
these bones that did not retain evidence of disease or fracture. Long bones with active 14 
lesions had a significantly larger δ15N values (δ15N=11.1±0.9‰) compared to those without 15 
lesions (δ15N=10.7±0.7‰, p=0.02). There were no significant differences in stable isotope 16 
ratios when compared between non-lesion and lesion sites in the ribs. The increase in δ15N 17 
seen in active lesions, when compared with δ15N from non-lesion regions on the same long 18 
bone, may be a consequence of altered protein metabolism. This study suggests that stable 19 
isotope data can contribute information about diseases in the past, as well as an individuals’ 20 




7.1. Introduction 1 
Comparing stable isotope ratios within an individual, from apparently healthy bone to bone 2 
that formed from an injury or disease can potentially reveal slight variations in diet or 3 
metabolism during the period in which the disease was active or the injury healed. Here, I 4 
assess variation in stable isotope ratios within an individual, by assessing stable isotope 5 
ratios in bone with a disease that is active, has healed, or retains evidence of a fracture. This 6 
study builds on previous research into the relationship between skeletal pathology, 7 
metabolism and stable isotope ratios (Katzenberg and Lovell 1999, Olsen et al. 2014). Here I 8 
present the first study to assess skeletal lesions of long bones and ribs at different healing 9 
stages against stable isotope ratios calculated for these lesions, and for regions of the same 10 
bones where there is no evidence of disease. Differentiating between healed and active 11 
diseases may highlight different metabolic stages as the stable isotope ratios may represent 12 
tissue anabolism or catabolism. 13 
It is still not clear how different tissues, particularly bone, are affected by the body’s 14 
net loss of light nitrogen or the mechanisms underlying changes in δ15N values during 15 
periods of physiological stress. Most studies of metabolism using isotope ratios rely on data 16 
recorded during hibernation or fasting in birds, reptiles or small mammals (e.g. Lee et al. 17 
2012, McCue and Pollock 2008, Hatch et al. 2006). Others have examined fast-growing 18 
tissues in humans such as hair (e.g. Eerkens et al. 2017, D’Ortenzio et al. 2015, Neuberger et 19 
al. 2013, Mekota et al. 2006). During fasting, catabolism and anabolism become unbalanced 20 
to an extent that differs among tissues. Increases in δ15N values in tissues have been 21 
associated with fasting or physiological stress (e.g. Alamaru et al. 2009, Boag et al. 2006, 22 
Fuller et al. 2005, Hobson et al. 1993), though an increase in δ15N values has not always 23 
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been registered in individuals suffering from physiological stress (e.g. Mayor et al. 2011, 1 
McFarlane Tranquilla et al. 2010, McCue and Pollock 2008, Castillo and Hatch 2007).  2 
The presence of woven bone in a skeleton indicates new bone formation, or active 3 
bone growth at the time of death (Roberts and Manchester 2007). Woven bone can 4 
sometimes be present with some disease processes, and can be remodelled into compact 5 
bone (healed lesions) as healing progresses (Turner-Walker 2008). Katzenberg and Lovell 6 
(1999) observed that new bone deposition as consequence of infection showed higher δ15N 7 
values than the unaffected segments of bone, and suggested that variation in δ13C values 8 
only occur in response to dietary intake. However, the four pathological specimens in their 9 
study had different types of lesions. One individual had osteomyelitis, one had active 10 
periostitis, one had a fracture and another one had post-paralytic atrophy (Katzenberg and 11 
Lovell, 1999). Olsen et al (2014) observed different values of both δ15N and δ13C in bones 12 
with osteomyelitis (n=6), healed fractures (n=11) or periostitis (n=18), but for their study the 13 
healing stage of the lesions were not taken into consideration.  14 
The lesions were grouped as 1) active lesions where woven bone is present, 2) 15 
healed lesions where compact bone is present and 3) healed fracture calluses. I expect to 16 
see a negative nitrogen balance (compatible with tissue catabolism) in active lesions and a 17 
positive nitrogen balance (compatible with tissue anabolism) in healed lesions and fracture 18 
calluses of the individuals. Anabolism should lead to an increase in δ15N values as a result of 19 
protein synthesis and not protein breakdown (e.g. Habran et al. 2010, Wolf et al. 2009, 20 
Fuller et al. 2005). Catabolism is based on a disproportionate loss of 14N-containing amino 21 
acids during protein breakdown which results in residual δ15N values in any tissue 22 
undergoing catabolism (e.g. McFarlane Tranquilla et al. 2010, Gaye-Siessegger et al. 2007, 23 
Martínez del Rio and Wolf 2005, Hobson et al. 1993). During prolonged periods of disease, 24 
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or nutritional or physiological stress, dietary protein cannot adequately replace nitrogen 1 
losses (Powanda 1977, Grossman et al. 1945). Consequently, the body’s proteins can be 2 
recycled resulting in enriched 15N (e.g. D’Ortenzio et al. 2015, Neuberger et al. 2013, 3 
Deschner et al. 2012, Mekota et al. 2006, Hobson et al. 1993, Steele and Daniel 1978). 4 
Studies of isotope ratios in hibernating animals contradict the catabolic model, which 5 
predicts that tissues broken down during fasting should have an increase in δ15N values (e.g. 6 
Lee et al. 2012). However, before hibernation animals anticipate fasting by building up large 7 
fat stores to support the increased metabolic costs. I expect to see δ13C values decrease in 8 
active lesions and δ13C values increase in healed lesions and fracture calluses when 9 
compared to non-lesion sites within the same bone (e.g. Neuberger et al. 2013, Mekota et 10 
al. 2006). 11 
The main objective of this study is to compare stable isotope ratios from bones that 12 
retain evidence of lesions in the form of disease, or healed fractures, to ratios from cortical 13 
bone in the same individual that do not retain these skeletal lesions. By comparing δ13C and 14 
δ15N values between bone collagen from lesion and non-lesion sites from the same bone I 15 
sought to determine if stable isotope ratios during or after a disease (indicated by the 16 
lesions) correspond with the longer term record of diet that is represented by stable isotope 17 
ratios from non-lesion sites. Isotopically, the slower turnover of long bone collagen reflects 18 
a longer-term and average dietary signal, which may be more or less than ten years prior to 19 
death (Hedges et al. 2007). In contrast, ribs have faster turnover rates and may represent 20 
diet from a more recent period prior to death (e.g. Cox and Sealy 1997).  21 
  22 
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7.1.1. The Tomar skeletal collection 1 
Tomar was a Templar town and had an important military role consolidating the Kingdom of 2 
Portugal by resisting the Medieval Muslim Conquest (França 1994). After the Knights 3 
Templar dissolution, the Order’s assets and personnel were transferred to the newly 4 
established Order of Christ, a continuation of the Order of the Temple of Solomon in 5 
Portugal (Valente 1998). In Tomar, merchants, crafters and farmers participated actively in 6 
the local army alongside knights, raising their status (Conde 1996) and probably having 7 
access to similar food resources as the Templars. 8 
Tomar’s necropolis was excavated in an area of approximately 6,500m2, from where 9 
6,792 individuals (4,991 adults and 1,801 non-adults) were recovered. Despite being a 10 
Templar town the necropolis represents the general population and not, or at least not only 11 
knights. In a previous study (Chapter 5, Curto et al. 2018) the diet of this population was 12 
estimated through stable isotope analysis of 13 faunal remains and 32 human adults 13 
without skeletal lesions compatible with infections or physiological stress. People living in 14 
Tomar had a complex diet, low in terrestrial animal protein and high in aquatic protein 15 
intake, despite its inland location (Chapter 5, Curto et al. 2018). Fish was an expensive food 16 
source, particularly further away from the coast (Gonçalves 2004, Vicente 2013). Therefore 17 
higher amounts of fish consumption may reflect higher socio-economic status. There were 18 
no significant different bone collagen δ13C or δ34S values between sexes or age groups. 19 
However δ15N values did differ significantly with age (lower δ15N values in older individuals, 20 
Chapter 5, Curto et al. 2018). The diet of 23 adult individuals with skeletal lesions was also 21 
estimated and compared with the diet of those without lesions (Chapter 6, Curto et al. 22 
2019).   23 
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7.1.2. Intra-skeletal isotopic variation 1 
During tissue maintenance, the same amount of nitrogen ingested is excreted and bone 2 
collagen will largely reflect ingested protein from diet, averaging over several years (e.g. 3 
Champe et al. 2008). Fahy et al. (2017) found intra-skeletal stable isotopes variation 4 
between -1.6‰ to -0.5‰ in δ13C values and between 1.0‰ to 3.1‰ in δ15N values. 5 
Katzenberg and Lovell (1999) registered intra-bone stable isotope variation from 0.2‰ to 6 
0.7‰ for δ13C values and from 0.3‰ to 0.4‰ for δ15N values. Olsen et al. (2014) recorded 7 
intra-rib isotopic ratios among non-pathological sites from -0.1‰to 0.1‰ for δ13C and 0.0‰ 8 
to 0.5‰ for δ15N values, while the intra-skeleton ratios varied between -0.2‰ to 0.4‰ for 9 
δ13C values and -0.9‰ to 0.7‰ for δ15N values.  10 
The body reacts to infection through an inflammatory response that aims to 11 
neutralize the pathogen and repair the resultant damage (Weston 2012). There is a limited 12 
number of ways in which bone reacts to inflammation, it either produces or destroys bone, 13 
or a combination of both (Ragsdale and Lehmer 2012, Weston 2008, 2009). The intercellular 14 
communication between osteoblasts and osteoclasts is crucial to bone homeostasis (Xu et 15 
al. 2005). Osteoclasia and osteoblastic repair are always coupled but one or the other may 16 
predominate in a given disease state at a given time period (Ragsdale and Lehmer 2012). 17 
In new bone depositions Katzenberg and Lovell (1999) observed higher δ15N values 18 
than bone segments without lesions for osteomyelitis (+1.6‰), active periostitis (+0.1‰) 19 
and fracture callus (+0.3‰). δ13C values did not differ. This study (Katzenberg and Lovell, 20 
1999) suggests that δ13C values are expected to only vary due to dietary intake. However, 21 
Olsen et al. (2014) observed different values for both δ15N and δ13C values in bones with 22 
osteomyelitis (x̅ δ15N= +1.2‰, x̅ δ13C= +0.3‰), healed fractures (x̅ δ15N= +0.5‰, x̅ δ13C= 23 
+0.1‰) and periostitis (x̅ δ15N= -0.1‰, x̅ δ13C= 0‰). Olsen et al. (2014) relate the different 24 
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δ15N and δ13C values with a net loss of protein from the body, which may have been 1 
intensified by low food intake. In extreme cases, reduced appetite or anorexia is part of the 2 
normal physiological response to infection (Murray and Murray, 1979, Exton, 1997). 3 
7.1.3. Nitrogen physiological balance 4 
Apart from tissue maintenance, the body can also be in negative or positive nitrogen 5 
balance. When protein intake is insufficient, tissues catabolism results in body tissues 6 
enriched in 15N and body wastes (urea) enriched in 14N relative to the diet (Steele and Daniel 7 
1978). In these situations the proteins in the body will be recycled resulting in enriched δ15N 8 
(Steele and Daniel 1978, Hobson and Clark 1992, Hobson et al. 1993). 15N enrichment was 9 
also observed in osteoporotic bones (White and Armelagos 1997) and in a probable case of 10 
celiac disease (Scorrano et al. 2014). Chronic malnutrition resulting from the severe 11 
malabsorption of essential nutrients may have affected the isotopic composition of the 12 
individual’s bone collagen (Scorrano et al. 2014). Negative nitrogen balance is associated 13 
with tissue loss during stress (Katzenberg and Lovell 1999). 14 
When in positive nitrogen balance there is more nitrogen ingested than it is excreted 15 
(Champe et al. 2008) and some trophic enrichment relative to diet is expected, as dietary 16 
amino acids are less enriched in 15N (Fuller et al. 2004). 14N can also increase in the 17 
metabolic pool due to urea salvage (Fuller et al. 2004). Positive nitrogen balance is 18 
associated with tissue gain during growth (Fuller et al. 2004). Examples of positive nitrogen 19 
balance could be during pregnancy or recovering from starvation or diseases, when the 20 
body assimilates more dietary amino acids less enriched in 15N (Fuller et al. 2004, 2005, 21 
Mekota et al. 2006, Harvey and Ferrier 2011, Neuberger et al. 2013). Beaumont and 22 
Montgomery (2016) found a starvation pattern (δ15N values increase) in dentine of children 23 
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from the Irish famine followed by a δ15N values decrease after a dietary shift, which may 1 
also be related to recovery from nutritional stress. 2 
7.1.4. Carbon physiological balance 3 
Similar to nitrogen, the carbon balance in body can also be in equilibrium or in negative or 4 
positive balance. When dietary protein is inadequate, the body synthesizes the nonessential 5 
amino acids normally routed directly from diet (e.g. Jim et al. 2006) and may rely more 6 
heavily on other macronutrients like carbohydrates (Ambrose and Norr 1993). Carbohydrate 7 
metabolism also changes during periods of infection (Long 1977, Mizock 1995), due to the 8 
higher demand for glucose energy, increasing the use of metabolic pathways that preserve 9 
and recycle carbon affecting fat and protein reserves (Wolfe 1981, Mizock 1995). Carbon 10 
recycled from fat deposits results in more 12C into the new tissues, reducing the δ13C values 11 
(Neuberger et al. 2013). δ13C decrease is indicative of a severe reduction of energy intake 12 
through nutrition (Mekota et al. 2006, Neuberger et al. 2013) and was also observed in 13 
dentin of children from the Irish famine (Beaumont and Montgomery 2013).  14 
δ13C increase was observed in patients recovering from starvation (Mekota et al. 15 
2006, Neuberger et al. 2013) and might be related to higher meat and fat intake after the 16 
nutritional stress period (Van der MerI 1982, Chisholm et al. 1982). Higher δ13C values can 17 
also be related to changes in diet due to goods availability (e.g. C3 to C4 plants, Beaumont 18 
and Montgomery 2016) or even medicines containing carbohydrates (Eerkens et al. 2017). 19 
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7.2. Materials and Methods 1 
Tomar was a Templar town but the distribution of the skeletons of all ages and both sexes 2 
within the necropolis suggests that this collection represents the general population of 3 
Tomar. There are no apparent differences in diet (Chapter 5, Curto et al. 2018), place or 4 
type of inhumation (Chapter 4) between sexes. 5 
Bone collagen stable isotope data (carbon, nitrogen) from 49 skeletal lesions in long 6 
bones (n=33) and ribs (n=16) were analysed in 33 adult skeletons (22 males, 8 females, 3 7 
undetermined). Out of these skeletons, 23 individuals (8 females, 14 males, 1 8 
undetermined) had skeletal lesions compatible with infectious diseases (2 venereal syphilis, 9 
21 non-specific infections, from which 5 were generalised) and 10 individuals had healed 10 
bone fractures. Venereal syphilis was diagnosed by the presence of caries sicca (Ortner and 11 
Putschar 1985, Aufderheide and Rodríguez-Martín 1998, Ortner 2003) and skeletons with 12 
lesions in various bones but without pathognomonic lesions or patterns of lesions were 13 
considered to have generalised non-specific infections.  14 
Skeletal lesions were considered to result from possible infectious causes if abnormal 15 
bone formation or bone formation and destruction, compatible with periostitis or 16 
osteomyelitis (Ortner and Putschar 1985, Buikstra and Ubelaker 1994, Aufderheide and 17 
Rodríguez-Martín 1998, Ortner 2003), were present and not associated with trauma. Lesions 18 
with unremodelled woven bone were considered active at the time of death (Ortner and 19 
Putschar 1985, Ortner 2003). Rapidly formed woven bone is poorly organized and has a 20 
porous appearance due to the loose organization of the mineralized osteoid fibres (Ortner 21 
and Putschar 1985, Ortner 2003). New bone growth tends to remodel into compact bone 22 
during the healing process. Compact bony growths, without the presence of woven bone, 23 
were considered healed lesions (Ortner and Putschar 1985, Ortner 2003). The skeletons 24 
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with active lesions (Figure 3.4) represent infectious diseases which were active perimortem, 1 
while the ones with only healed lesions (Figure 3.2) represent diseases overcome by the 2 
individuals.  3 
Intra-bone pathological variation was analysed in long bones and ribs. Due to the 4 
different turnover rate between long bones and ribs, I expect larger differences in δ13C and 5 
δ15N values between lesion and non-lesion sites in long bones than in ribs, due to probable 6 
differences in bone formation.Non-lesion sites from long bones of individuals with active 7 
and/or healed lesions were previously analysed to compare their long term diets with those 8 
ones without lesions (Chapter 5, Curto et al. 2018, Chapter 6, Curto et al. 2019). Skeletons 9 
with healed traumatic fractures were added to the present study and analysed to compare 10 
stable isotope ratios between bone growth as a result of infection or trauma. Bone collagen 11 
data, from non-lesion cortical bone (Chapter 6, Curto et al. 2019), are reused here and 12 
compared to new isotope data from new bone formation of potential pathological origin 13 
(skeletal lesions). Lesion samples include: active lesions (woven bone: long bones n=14, ribs 14 
n=4), healed lesions (healed periostitis/osteomyelitis: long bones n=10, ribs n=9) and 15 
fracture callus (long bones n=9, ribs n=3). 16 
7.2.1. Sampling lesions 17 
Skeletal lesions were considered to be from possible infectious cause if abnormal bone 18 
formation or bone formation and destruction, compatible with periostitis or osteomyelitis 19 
(Ortner and Putschard 1985, Buikstra and Ubelaker 1994, Aufderheide and Rodríguez-20 
Martín 1998, Ortner 2003), was present and not associated with trauma. New bone 21 
formations usually represent pathologic changes resulting in new bone growth, which is 22 
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remodelled into lamellar bone during the healing process (Ortner and Putschard 1985, 1 
Ortner 2003).  2 
Lesions were divided into three groups: a) active lesions (14 long bones, 4 ribs), b) 3 
healed lesions (10 long bones, 9 ribs) and c) fractures (9 long bones, 3 ribs). Lesions with 4 
unremodelled woven bone (Figure 3.4) were considered active at the time of death and 5 
lesions with lamellar bone (Figure 3.3) were considered healed or healing lesions (Ortner 6 
and Putschard 1985, Ortner 2003). Active and healed lesions were differentiated by 7 
macroscopic observations. Rapidly formed woven bone is poorly organized and has a porous 8 
appearance due to the loose organization of the mineralized osteoid fibres (Ortner and 9 
Putschard 1985, Ortner 2003). These type of lesions were considered active perimortem. 10 
Markedly accentuated longitudinal striations and compact bony growth, without the 11 
presence of woven bone, were considered healed lesions (Ortner and Putschard 1985, 12 
Ortner 2003). Fracture calluses were considered healed bone traumas as the bridging callus 13 
connecting the bone fragments provides the externally visible evidence of healed fracture in 14 
an archaeological specimen (Ortner and Putschard 1985).  15 
The new bone formations were removed by scraping the lesion or removing the top 16 
layer affected, carefully avoiding sampling the compact bone underneath or trabecular bone 17 
(particularly in the ribs), as it remodels more quickly than cortical bone (Sealy et al. 1995). 18 
On the ribs this process was more difficult due to the smaller size of the lesions and the 19 
bones. The skeletons with only active lesions represent infectious diseases active 20 
perimortem and the ones with healed lesions represent healed individuals. Perimortem 21 
fractures were not considered for this study, only healed calluses. 22 
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7.2.2. Collagen extraction and analysis 1 
Collagen extraction was done following Longin (1971), Brown et al. (1988) and Richards and 2 
Hedges (1999). The collagen samples were weighed into tin capsules and combusted into 3 
CO2 and N2 in an isotope-ratio mass spectrometer at HERCULES Laboratory. δ
13C and δ15N 4 
values were calibrated using IAEA-CH-6 (sucrose, −10.449‰), IAEA-CH-7 (polyethylene, 5 
−32.151‰), IAEA-N-1 (ammonium sulphate, +0.4‰) and IAEA-N-2 (ammonium sulphate, 6 
+20.3‰). Measurement errors were less than ±0.1‰ for δ13C and ±0.2‰ for δ15N. 7 
Mann-Whitney U non-parametric tests were used for pair-wise comparisons and 8 
Kruskal-Wallis non-parametric tests were used to compare more than two groups. All 9 
statistics were computed in SPSS 24 for Windows and p-values ≤0.05 were considered 10 
statistically significant. 11 
7.3. Results  12 
Individual isotopic data and collagen integrity for long bones and ribs can be found in the 13 
Appendix (Tables A3 and A4 respectively and Figure A3). Figures 7.1 and 7.2 illustrate the 14 
δ13C and δ15N difference between non-lesion and lesion (healed fractures, healed infectious 15 
lesions and active lesions) sites within the same bone. Values below zero point to an 16 
increase of δ13C and δ15N values, at the lesion, when compared to the non-lesion site while 17 
values above zero imply a decrease of δ13C and δ15N values. The grey areas across the 18 
boxplots represent the expected normal intra-bone range (Katzenberg and Lovell 1999, 19 
Olsen et al. 2014). Scatter plots of the lesion and non-lesion sites for each individual can be 20 





7.3.1. Intra-bone collagen δ13C and δ15N values comparison between lesions 1 
and areas without lesions – long bones 2 
A paired-samples t-test was conducted to compare collagen δ13C and δ15N values in bone 3 
segments with and without lesions. Bone segments with active lesions (x̅ δ15N=11.1±0.9‰) 4 
had higher δ15N values than those without lesions (x̅ δ15N=10.7±0.7‰), a statistically 5 
significant increase of 0.4 (95%CI:-0.7 to -0.1‰, t(13)=-2.58, p=0.02, Table 1). Additionally, 6 
median δ15N increases and δ13C decreases in active lesions, while in healed lesions δ15N 7 
values decreases and δ13C slightly increases. 8 
Figure 7.1 shows a larger difference between δ15N and δ13C values from non-lesion 9 
and lesion sites than would be expected for normal intra-bone variation in long bones (grey 10 
area at Figure 7.1, Katzenberg and Lovell 1999).  11 
The δ15N median for active lesions (x̃=-0.5‰, n=14) and both quartiles are lower 12 
than zero (Figure 7.1) and the expected δ15N values intra-bone variation (+0.3 to +0.4‰, 13 
Katzenberg and Lovell, 1999). The active lesions boxplot is “negatively skewed” and the two 14 
outliers with the highest δ15N values increase have lesions in various bones (skeletons 15 
16.169 and 18.158). These results indicate that intra-bone δ15N values increased in active 16 
lesions and decreased in healed lesions. The active lesions δ13C median is higher than zero 17 
(x̃=+0.3‰, n=14) and falls within the expected intra-bone δ13C range (+0.2 to +0.7‰, 18 
Katzenberg and Lovell 1999), however, the lower quartile is bellow the expected intra-bone 19 
δ13C range (Figure 7.1).  20 
The δ15N median for healed lesions (x̃=+0.5‰, n=10) is higher than zero (Figure 7.1) 21 
and slightly higher than the expected normal δ15N values intra-bone range (+0.3 to +0.4‰, 22 
Katzenberg and Lovell 1999). The healed lesions δ13C median is lower than zero (x̃=-0.1‰, 23 
n=10) and the expected intra-bone δ13C range. The healed lesions boxplot is “positively 24 
168 
 
skewed” and while the outlier with the highest δ15N values decrease only has healed tibial 1 
lesions (skeleton 18.250), the one the highest δ15N values increase has a generalised 2 
infection (skeleton 14.72). 3 
Table 7.1. Intra-bone differences in collagen δ13C and δ15N values between non-lesion (distant from 4 
lesion) and lesion (active, healed or fractured) sites at long bones. Mean values are reported as 5 
relative rather than absolute values in order to preserve the directionality of the difference (positive 6 
or negative) between different bone sites. 7 
  8 
The δ15N values of facture calluses have the highest variability, with both the highest 9 
maximum and lowest minimum values. The δ15N median for fracture callus (x̃=-0.1‰, n=9) 10 
is close to zero (Figure 7.1) but lower than the expected δ15N intra-bone variation (+0.3 to 11 
+0.4‰, Katzenberg and Lovell 1999). Similar to what was observed for δ15N values, facture 12 
callus have both the higher maximum and lower minimum δ13C (Figure 7.1). The δ13C 13 
median for fracture callus (x̃=+0.4‰, n=9) falls within the expected intra-bone δ13C range 14 












































Figure 7.1. Intra-bone differences in collagen δ13C and δ15N values between non-lesion (distant from lesion) and lesion (active, healed or fractured) sites at 
long bones. Values are reported as relative rather than absolute values in order to preserve the directionality of the difference (positive or negative) 
between different bone sites. Grey area represents the expected intra-bone variation (Katzenberg and Lovell 1999). 
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7.3.2. Intra-bone collagen δ13C and δ15N values comparison between lesions 
and areas without lesions – ribs 
A paired-samples t-test was conducted to compare collagen δ13C and δ15N in bone segments 
with and without lesions but the results were not statistically significant (Table 7.2). 
Figure 7.2 shows a larger difference between δ15N and δ13C values from non-lesion 
and lesion sites than would be expected for normal intra-bone range in ribs (grey area at 
Figure 4.2, Olsen et al. 2014). The ribs boxplots have a similar pattern to the long bone 
boxplots. 
For the active lesions both the median (x̃=-0.3‰, n=4) and the lower quartile have 
lower values than the expected normal intra-rib δ15N range (0.0 to +0.5‰, Olsen et al. 
2014). The δ13C median for active lesions (x̃=-0.1‰, n=4) and lower quartile are lower than 
the expected normal intra-bone δ13C range (-0.1 to +0.1‰, Olsen et al. 2014). The healed 
lesions δ15N (x̃=+0.2‰, n=9) and δ13C medians (x̃=-0.1‰, n=9) falls within the expected 
normal intra-bone variation in ribs (δ15N: 0.0 to +0.5‰, δ13C: -0.1 to +0.1‰, Olsen et al. 
2014). However, the δ13C values lower quartile is lower than the normal intra-rib δ13C range. 
The fracture callus δ15N median (x̃=0.0‰, n=3) falls within the expected normal intra-bone 
δ15N variation in ribs (0.0 to +0.5‰, Olsen et al. 2014). The fracture callus δ13C median (x̃=-
0.3‰, n=3) and lower quartile (Figure 7.2) are lower than the expected intra-bone δ13C (-0.1 
to +0.1‰, Olsen et al. 2014). The fracture calluses have the most variable differences, while 
active lesions have the lowest difference. The two outliers with healed lesions have 
generalised infections (various bones affected). However, while skeleton 18.158 has the 




Table 7.2. Intra-bone differences in collagen δ13C and δ15N values between non-lesion (distant from 
lesion) and lesion (active, healed or fractured) sites at ribs. Mean values are reported as relative 
rather than absolute values in order to preserve the directionality of the difference (positive or 
















































Figure 7.2. Intra-bone differences in collagen δ13C and δ15N values between non-lesion (distant from lesion) and lesion (active, healed or fractured) sites at 
ribs. Values are reported as relative rather than absolute values in order to preserve the directionality of the difference (positive or negative) between 




7.4.1. Intra-bone collagen δ13C and δ15N values comparison between lesions 
and areas without lesions – long bones 
The intra-bone δ13C and δ15N values variability observed in this study is larger than expected 
(Figure 7.1, Katzenberg and Lovell 1999) and may be related to differences in metabolism or 
diet during the disease and/or recovery from the disease. Bone formation and remodelling 
can occur during some disease processes (e.g. Ragsdale and Lehmer 2012, McQueen et al. 
2011, Wlodarski 1989). The repair mechanism is initiated before the cessation of the disease 
state or the clearance of a pathogen from the organism (Klau, 2014, Ragsdale and Lehmer 
2012, Neve et al. 2011). In a diseased state, bone formation does not stop, instead, it is 
active in fewer locations, where new woven bone may be formed (Lian et al. 2011). 
D’Ortenzio et al. (2015) suggested that short-term fluctuations of δ15N values might be the 
result of changes in the metabolic balance of an individual. Recycled body tissues used as a 
protein resource are enriched in 15N, increasing the δ15N values within the individual’s 
tissues (Steele and Daniel 1978, Hobson and Clark 1992, Hobson et al. 1993, Oelbermann 
and Scheu 2002, Gaye-Siesseger et al. 2004, Deschner et al. 2012, D’Ortenzio et al. 2015). 
Carbon recycled from fat deposits decreases the δ13C in the body (Neuberger et al. 2013). 
Active lesions 
The results indicate an increase in δ15N (x̅=0.4‰, Table 7.1) and a decrease in δ13C values 
(x̅=0.2‰, Table 7.1) in active lesions when compared with δ13C and δ15N values from non-
lesion sites of the same bone (Figure 7.1, Table 7.1). Since woven bone at the lesions was 
formed during or after the disease (e.g. Klaus 2014, Lian et al. 2011, McQueen et al. 2011, 
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Ragsdale and Lehmer 2012, Wlodarski 1989), these stable isotope results represent 
physiological or nutritional differences between different periods of the individual’s life.  
While malnutrition impairs the immune system (e.g. Scrimshaw and SanGiovanni 
1997), infections can decrease nutrient availability due to malabsorption (e.g. Mitra et al. 
1997) and increase resting energy expenditure (Calder 2013). During physiological or 
nutritional stress the proteins in the body will be recycled resulting in higher δ15N values 
within the individual’s tissues (Steele and Daniel 1978, Hobson and Clark 1992, Hobson et al. 
1993, Katzenberg and Lovell 1999, Oelbermann and Scheu 2002, Gaye-Siesseger et al. 2004, 
Mekota et al. 2006, Deschner et al. 2012, D’Ortenzio et al. 2015), as dietary protein cannot 
adequately replace nitrogen losses during these situations (Grossman et al. 1945, Powanda 
1977, Welle 1999).  
15N enrichment has also been observed in a probable case of celiac disease (Scorrano 
et al. 2014) in which the chronic malnutrition resulting from the severe malabsorption of 
essential nutrients may have affected the isotopic composition of the bone collagen. 
Beaumont and Montegomery (2016) observed raised δ15N and lower δ13C values in the 
dentine profiles of children from the Irish famine. Eerkens et al. (2017) registered stable 
isotope ratios changes across a series of hair samples of a mummified girl consistent with 
undernourishment. The δ15N values slowly increased about 7 months prior to death 
followed by acceleration in 15N enrichment about 3 months before death suggesting a final 
phase which can be related to a cessation or significant reduction of protein intake (Eerkens 
et al. 2017). 
Reduced appetite or anorexia is part of the normal response to infection, in extreme 
cases (Murray and Murray 1979, Exton 1997). Starvation is associated with increases in hair 
keratin δ15N values (Eerkens et al. 2017, Fuller et al. 2005, Hatch et al. 2006, Mekota et al. 
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2006, Neuberger et al. 2013), and collagen from bones with signs of infection have higher 
δ15N values than unaffected areas in the same individuals (Katzenberg and Lovell 1999). 
Even though nutritional restriction usually results in negative nitrogen balance (e.g. Hobson 
and Clark 1992, Hobson et al. 1993, Robertson et al. 2014), that is not always the case. 
Williams et al. (2007) observed lower δ15N values in blood cells of moderately nutritional 
restricted puffin chicks, than those fed ad libitum. Hatch et al. (2006) did not observe 15N 
enrichment in hair samples of bulimic patients and the authors suggest that the nutritional 
stress might not be as severe as in anorexic patients.  The varying δ15N values difference 
between lesions and non-lesion sites can be related with the degree of nutritional or 
physiological stress and if it is severe enough to trigger protein catabolism in the individuals’ 
tissues. Despite these studies relevance a direct comparison to, and among, the various 
human tissues is not yet possible. Still, 15N enrichment possibly related with prolonged 
nutritional stress was reported in Napoleonic soldiers (Holder 2013, Holder et al. 2015). In 
migrants from the Great Irish Famine elevated δ15N values possibly related to nutritional 
stress were only observed in bones of infants, which can be related with their faster bone 
turnover (Beaumont et al., 2013). 
δ15N values from an individual with osteomyelitis, who had AIDS, showed an increase 
of 1.6‰ at active lesions (12.9‰) and a decrease of 0.3‰ at healed lesions (11.3‰) when 
compared with non-lesion sites (11.3‰, Katzenberg and Lovell 1999). Following the work 
from Steele and Daniel (1978) and Hobson et al. (1993), Katzenberg and Lovell (1999) 
connected this phenomenon to negative nitrogen balances. The wasting syndrome 
characteristic of AIDS might have led, to physiological stress and consequently higher δ15N 
values. The higher 15N enrichment observed by Katzenberg and Lovell (1999) than in this 
study can be the result of more severe stress than Tomar sample or modern care giving and 
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medication, as these authors studied a forensic sample. Olsen et al. (2014) also observed a 
δ15N increase in osteomyelitic lesions (+0.5 to +2.5‰) when compared to distant to lesion 
sites. In periosteal lesions the difference from non-lesion sites to lesion sites varied between 
-2.1 and +1.2‰ (Olsen et al. 2014). This wide interval might be explained by the cluster of 
both active and healed lesions.  
I observed a statistically significant difference in δ15N values between non-lesion and 
active lesion sites even though bone should be one of the last tissues affected by short-term 
dietary or metabolic changes. The possibility of 15N enrichment being associated with 
nitrogen catabolism due to faster bone growth (Steele and Daniel 1978, Hobson and Clark 
1992, Hobson et al. 1993, Katzenberg and Lovell 1999, Oelbermann and Scheu 2002, Gaye-
Siesseger et al. 2004, Mekota et al. 2006, Deschner et al. 2012, D’Ortenzio et al. 2015) at the 
lesions cannot be excluded. However, Waters-Rist and Katzenberg (2010) did not find a 
detectable δ15N growth effect when analysing epiphyses, metaphyses and diaphysis of 
growing long bones. 
Even though the difference between δ13C values in non-lesion and active lesion sites 
is not statistically significant, there is a trend for δ13C values to decrease. 13C depletion is 
compatible with what was observed in starving patients and can be indicative of a severe 
reduction of energy intake through nutrition (Hatch et al. 2006, Mekota et al. 2006, 
Neuberger et al. 2013). Katzenberg and Lovell (1999) did not find differences in δ13C values 
between bone sites with and without lesions. Olsen et al. (2014), on the other hand, 
observed a δ13C values increase in osteomyelic lesions (+0.1 to +0.5‰) and some periosteal 
lesions (-0.3 to +0.2‰). Eerkens et al. (2017) observed a slight increase in δ13C values in hair 
segments of a mummified girl from the late 19th century, which the authors relate to 




The increase in δ13C values and decrease δ15N values at healed lesion sites, when compared 
with non-lesion sites, may be related with the metabolism during the recovery from the 
disease, similarly to what has been observed in hair keratin during recovery from starvation 
(Mekota et al. 2006, Neuberger et al. 2013). Compact bone at healed lesions was formed 
after the disease representing a period when the individual was recovering from the disease 
(e.g. Ragsdale and Lehmer 2012, McQueen et al. 2011, Wlodarski 1989). These results may 
stand for physiological or nutritional differences between before and after the disease, 
which can be observable in skeletonised human remains. However these results cannot be 
directly compared with those from the studies mentioned (Mekota et al. 2006, Neuberger et 
al. 2013) as these studies do not refer bone tissues but hair keratin. 
Both quartiles of δ15N values for healed lesions have values higher than zero, 
indicating that δ15N values decreased in healed lesions when compared to non-lesions 
(positive nitrogen balance). These differences are not statistically significant, which may be 
related to the small sample size. Positive nitrogen balances occur when more nitrogen is 
consumed than excreted, being linked with recovery from disease and/or starvation 
observed in hair keratin (e.g. Fuller et al. 2004, 2005, Hatch et al. 2006, Mekota et al. 2006, 
Neuberger et al. 2013). While recovering from physiological stress the body assimilates 
more dietary amino acids less enriched in 15N resulting in a δ15N values decrease in tissues 
formed during this period (Fuller et al. 2004, 2005, Harvey and Ferrier 2011, Mekota et al. 
2006, Neuberger et al. 2013).  
In a study with patients with anorexia, δ13C values in hair keratin increased with 
increasing BMI in patients recovering from starvation (Mekota et al. 2006). This increase can 
be largely due to an increase in meat and fat intake (Van der MerI 1982, Chisholm et al. 
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1982) or medicines containing carbohydrates (Eerkens et al. 2017). However, a significant 
δ13C values increase was not observable in this study when comparing healed lesions with 
non-lesion sites. 
Fracture calluses 
The difference between non-lesion sites and facture calluses is the most variable for both 
δ13C and δ15N values, out of the types of lesions analysed. In fractures re-absorption usually 
precedes formation but it has been reported that the re-absorption biochemical markers 
increased later than the formation markers of bone turnover (Ingle et al. 1999). This 
suggests that the early increase in bone markers reflects the callus formation and the later 
changes represent callus remodelling and increased turnover in bone around the lesion 
(Ingle et al. 1999). 
Trauma disrupts normal metabolism by increasing muscle protein catabolism and 
nitrogen excretion, resulting in a net protein loss or negative nitrogen balance within days 
(Long et al. 1981, Yuet al. 2017). An increase in δ15N values was expected alongside the 
increased turnover rate at the fracture site (Ingle et al. 1999, Olsen et al. 2014, Veitch et al. 
2006) as a result of protein catabolism (e.g. Hobson et al. 1993, Katzenberg and Lovell 1999, 
Steele and Daniel 1978). However, this was not always the case in our samples. Another 
study shows that well-healed fractures registered lower δ15N values than areas without 
lesions but the sample size was also small (Katzenberg and Lovell 1999). These results 
suggest that the isotopic composition of fracture calluses may represent positive or negative 
nitrogen imbalances given that healing stages may vary from callus to callus depending of 
factors such as healing stage and time after the trauma. 
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The δ13C values decrease observed in fracture calluses suggests either a change in 
dietary protein sources (Beaumont and Montgomery 2016) or nutritional stress (Mekota et 
al. 2006, Neuberger et al. 2013). δ13C values increase can be associated with starvation 
recovery (Mekota et al. 2006, Neuberger et al. 2013), apart from representing dietary 
changes in either quantity (Van der MerI 1982, Chisholm et al. 1982) or source (Beaumont 
and Montgomery 2016).  
Outliers 
The outliers with active generalised infections (Figure 7.1, skeletons 16.169 and 18.158) 
have similar δ15N values increase to that observed in an individual with AIDS, a wasting 
disease, described by Katzenberg and Lovell (1999). The individuals with generalised 
infections survived long enough with the disease for its consequences to be visible on the 
skeleton (Wood et al. 1992), representing chronic infections and may have been in a wasting 
stage. If in a wasting stage, this may have led to protein catabolism due to lower nutrient 
intake (Murray and Murray 1979, Exton 1997), malabsorption (e.g. Mitra et al. 1997) and 
increased resting expenditure (Calder 2013). However, the possibility of these individuals 
having a dietary shift duringthe disease which may have resulted in high δ15N values cannot 
be excluded. The outlier with the highest δ15N increase among the healed lesions (Figure 
7.1, skeleton 14.72) also has a generalised infection and similar values to the ones with 
active generalised infections. These results suggest that 15N enrichment may be variable 
depending on the aetiology or severity of the disease and how it affects the nutritional 
status and metabolism of the individual. 
The only outlier with a high δ15N values decrease (Figure 7.1, skeleton 18.250), in 
contrast with the others outliers, only has healed tibial periostitis suggesting that this 
individual might have recovered from physiological stress. Periostitis may reflect stress and 
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morbidity but may also often represent later phases of the inflammation and subsequent 
recovery from disruption of normal physiology (Klaus 2014). 
The diets of the individuals, prior to the disease, suggest that the ones with non-
specific generalised infections had diets lower in animal protein than those without lesions 
or with only healed tibial periostitis (Chapter 6, Curto et al. 2019). While non-specific 
generalised infections can be an indication of poor health and protein intake, healed tibial 
periostitis may indicate a state of comparatively good overall health and diet (Chapter 6, 
Curto et al. 2019). 
7.4.2. Intra-bone collagen δ13C and δ15N values comparison between lesions 
and areas without lesions –  ribs 
The intra-rib δ13C and δ15N values variability observed in this study is larger than expected 
(Figure 7.2, Olsen et al. 2014), similarly to what was observed for long bones (Figure 7.1). As 
mentioned before recycled body tissues are enriched in 15N and depleted in 13C (Deschneret 
al. 2012, D’Ortenzio et al. 2015, Hobson and Clark 1992, Hobson et al. 1993, Gaye-Siesseger 
et al. 2004, Neuberger et al. 2013, Oelbermann and Scheu 2002, Steele and Daniel 1978).  
Active lesions 
The results suggest an increase in both δ15N and δ13C values from active lesions when 
compared with δ13C and δ15N values from non-lesion rib sites (Figure 7.2, Table 7.2). The 
increase in δ15N (x̅=+0.4‰) observed for the active lesions of ribs is similar to what was 
registered in long bones (x̅=+0.4‰, Table 7.1) but not statistically significant for the ribs 
(p=0.25, Table 7.2). Opposite to what was observed in long bones, a slight increase in δ13C 
values was registered in active rib lesions (x̅=+0.1‰, Table 7.2). However the δ13C values 
difference is not statistically significant and both quartiles are very close to zero.  
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This difference in δ15N and δ13C values registered in active rib and long bone lesions 
can be related to the smaller ribs sample size (n=4) but also to the different bone turnover 
rates between long bones and ribs (Cox and Sealy 1997, Hedges et al. 2007). Cortical bone in 
ribs represent a smaller time frame interval, than in long bones, when compared to the 
woven bone formed during or after the disease (e.g. Ragsdale and Lehmer 2012, McQueen 
et al. 2011, Wlodarski 1989). At the ribs it was also more difficult to separate abnormal new 
bone from underlying cortical bone, which can be related with the similarity between 
lesions and non-lesion sites. 
Healed lesions 
The δ15N values quartiles, except part of the lower quartile, fit within the expected intra-rib 
δ15N range (Figure 7.2). Still, the δ15N values boxplot is positively skewed suggesting a 
tendency for δ15N values to decrease in healed rib lesions when compared with non-lesion 
sites. Even though the δ13C values difference median is close to zero, both quartiles are 
lower than zero (Figure 7.2), suggesting δ13C values increase in healed rib lesions when 
compared to non-lesion sites. However the difference between lesion and non-lesion sites is 
not statistically significant for either δ15N or δ13C values. 
Similar results have been described in hair of patients recovering from starvation 
(e.g. Mekota et al. 2006, Neuberger et al. 2013) but while hair lacks turnover bone is 
constantly remodelled. Still, these results suggest that physiological or nutritional 
differences between before and after the disease can also be observable in human 
skeletons.  Since ribs have a faster turnover than long bones (Cox and Sealy 1997, Hedges et 
al. 20017), if the individual lived long enough with the disease (stressor) it is possible that 
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the collagen from healed rib lesions represents not only the average stable isotope ratios 
before the disease but also ratios from periods during and after the disease. 
Fracture calluses 
Fracture calluses have the closest to zero δ15N median out of all the types of lesions 
analysed (Figure 7.2), similarly to what was observed in long bones (Figure 7.1). Depending 
on the healing stage and time after the trauma, fracture calluses can represent either 
positive or negative nitrogen balances or even tissue maintenance. Opposite to what was 
observed for the long bones, the ribs fracture calluses show an δ13C values increase when 
compared to non-lesion sites. 13C enrichment has been observed in starvation recoveries 
(Mekota et al. 2006, Neuberger et al. 2013). Food intake after a  period of nutritional stress 
(Van der MerI 1982, Chisholm et al. 1982) or changes in diet due to food availability (e.g. 
Beaumont and Montgomery 2016) or even medicines (Eerkens et al. 2017) can affect stable 
isotope ratios. However the small sample size (n=3) does not allow conclusions to be drawn. 
Outliers 
Both outliers (skeletons 18.158 and 14.72, Figure 7.2) have generalised infections (various 
bones affected) with both healed and active lesions. The lesion site of skeleton 14.72, an 
elderly female with an unspecific generalised infection, shows δ15N values increase when 
compared with non-lesion site of the same bone. The lesion of skeleton 18.158, a mature 
male diagnosed with syphilis, shows δ15N values decrease at the lesion site. These results 
suggest that the individual with the unspecific generalised infection (skeleton 14.72) could 
have been in a state of physiological stress more severe than the individual with venereal 
syphilis.    
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Skeleton 18.158 has larger 15N depletion in healed rib lesions (Figure 7.2) than what 
was observed for healed long bone lesions (Figure 7.1), when compared to non-lesion sites. 
15N depletion, compatible with recovery from the stressor (Mekota et al. 2006, Neuberger et 
al. 2013), was expected for healed lesions. The lesions in the long bones of this individual 
are also compatible to what was expected: 15N enrichment in active lesions and 15N 
depletion in healed lesions. However, the difference in healed rib lesions is larger than in 
healed long bone lesions, which can be related with different healing stages and therefore 
different nitrogen balance. 15N enrichment is expected in active lesions, since the individual 
would be in physiological stress (e.g. Fuller et al. 2004,2005, Hatch et al. 2006, Mekota et al. 
2006, Neuberger et al. 2013).  
7.5. Conclusion 
This study compared stable isotope ratios from cortical bone that retained evidence of 
lesions in the form of disease, or healed fractures, to ratios from cortical bone in the same 
individual that do not retain these skeletal lesions. Results indicate a δ15N values increase 
and a δ13C values decrease in active skeletal lesions and the opposite in healed skeletal 
lesion but only the increase in δ15N values on active lesions is statistically significant. 
Fracture callus δ15N and δ13C values are more variable than both active and healed 
infectious lesions. The difference in stable isotope ratios between non-lesion sites and those 
with active lesions may be directly related to the disease and/or due to diet shifts related to 
the disease, such as inappropriate ingestion of nutrients or malabsorption leading to 
starvation and wasting. 
These results suggest that stable isotope analysis can be applied to archaeological 
samples to increase our understanding of the relationship between diet, metabolism, and 
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diseases. Future developments on bone formation and tissue repair, allied with stable 
isotope analysis from different human tissues, will improve our understanding of 








General discussion, study limitations, conclusion and future 
directions 
 
The main aim of this doctoral dissertation was to grasp the potential of stable isotope 
analysis for the study of paleopathology, improving our understanding of the synergy 
between diet and health in the absence of modern medicine and antibiotics. In this general 
discussion I analyse the results of my dissertation and summarize the impact of these results 
in paleopathology, specifically the relationship between diet and health in past populations. 
Chapter 1 outlined this project aims and predictions, presenting testable hypothesis 
to answer the research questions. In this chapter the complex relationship between diet, 
health and physiology was presented justifying the rationality of how the research was 
designed and conducted. The thesis organization was also described to facilitate the reading 
through the different data chapters. 
 Chapter 2 set a general background for this dissertation by illustrating the historical 
context of Tomar, the excavation of the necropolis and the historical information about the 
medieval diet in Tomar. Background information on the stable isotope analysis, bone 
turnover, indicators of physiological stress and the synergy between diet and health were 
also given in this chapter. 
 Chapter 3 portrayed the materials and methods used for this study. The selection of 
skeletons and bones for stable isotope analysis was described in this chapter, as well as 
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details about the collagen extraction and analysis. The information in this chapter in 
complemented and specified in each data chapter. 
 Chapter 4 explored Tomar’s osteological collection enabling an understanding of 
who was buried at Tomar. This graveyard represents the general population and not, or at 
least not only, the individuals from the military orders. This chapter also provided some 
input on how the necropolis was organized, providing information about the individuals’ 
socio-economic status, which can influence both their diet (e.g. Kjellström et al. 2009, 
Linderholm et al. 2008, Polet and Katzenberg 2003, Schutkowski et al. 1999, Reitsema et al. 
2010, Reitsema and Vercellotti 2012) and their exposure to pathogens. Population specific 
equations were developed for Tomar’s collection, improving sex and stature estimations for 
the analysed samples. 
 Chapter 5 explored the adult baseline diet at Tomar, suggesting that the presence of 
military orders in the town may have had an impact on the general population’s diet. People 
living in Tomar had a complex diet and likely included food sources from outside Tomar. The 
general diet was poor in terrestrial protein and with variable amounts of aquatic protein, 
which may be related to religious dietary restrictions to meat consumption. Previous studies 
suggest different food access based on sex and status in medieval times (e.g. Kjellström et 
al. 2009, Linderholm et al. 2008, Polet and Katzenberg 2003, Schutkowski et al. 1999, 
Reitsema et al. 2010, Reitsema and Vercellotti 2012) however that was not observed in 
Tomar. The fauna’s stable isotope ratios suggest that the introduction of new food sources 
such as maize was not relevant, despite the necropolis’s wide chronology (11th to 17th 
centuries). 
Chapter 6 investigated the impact of diet on disease susceptibility by comparing 
stable isotope ratios between skeletons with and without lesions. This study highlights the 
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significant difference in δ15N values between skeletons with non-specific generalised 
infections and those with either only healed tibial periostitis or no apparent lesions. 
Individuals without lesions and those who recovered from physiological stress and/or 
infectious disease (healed tibial periostitis) may have had diets richer in protein intake than 
the individuals with generalised infections. These results imply that stable isotope analysis 
has the potential to better understand how diet influences the susceptibility of certain 
individuals or populations, to pathogens prior to the use of antibiotics. 
Chapter 7 examined if diet and/or metabolism during the disease has a measurable 
effect on skeletal human remains. This study showed a significant δ15N increase in active 
lesions when compared with non-lesion δ15N in the same bone. The δ15N increase in active 
lesions and δ15N decrease in healed lesions suggest that stable isotopes have the potential 
to be measured before, during and after the disease. These results reinforce the value of 
stable isotope analysis for the study of health in past populations. 
8.1. General discussion 
This study shows a potential link between diet, physiology and disease in human bone, 
despite the synergy between diet and health being very complex (Figure 8.1). Therefore, 
future studies can consider the implications of this link when reconstructing diet and life 
style of past populations. 
Diet in Iberia is still not well documented using stable isotope analysis. This study 
(Chapter 5, Curto et al. 2018) suggests that diet at Tomar was complex with variable amount 
of aquatic protein intake and probably relying on food sources from outside Tomar’s region. 
Despite the large chronological interval of Tomar’s sample (11th – 17th centuries), stable 
isotope analysis did not indicate the presence of new food sources such as maize and sugar 
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cane. These new food sources would be expected to be first identified in Iberian populations 
within Europe but the time when they became widely used by the general population is not 
known yet.   
Even though stable isotope ratios were variable between the analysed skeletons 
there are no significant dietary differences between sexes or social status (Table 5.2). These 
results contradict other studies suggesting that individuals with different sex or socio-
economic status had different diets (e.g. Adamson 2004, Kjellström et al. 2009, Linderholm 
et al. 2008, Polet and Katzenberg 2003, Schutkowski et al. 1999, Reitsema et al. 2010, 
Reitsema and Vercellotti 2012). This is particularly unexpected due to the presence of 
Military Orders, which could have increased socio-economic status gaps. However, the areas 
studied do not represent the individuals from the highest (who would be buried inside the 
church) or the lowest socio-economic status (buried in the areas corresponding to the 2nd 
phase of the excavation or even further away from the church, Figure 2.4) (Chapter 4).  
Tomar’s dietary study increased our knowledge about European medieval times, 
particularly in Iberia, where Religious Military Orders had an important role. Religious 
dietary restrictions during medieval times may have had a larger impact in people’s life than 
previously thought. Religious dietary restrictions had been reported before (Müldner et al. 
2009, Salamon et al. 2008). Müldner et al (2009) observed a higher intake of aquatic protein 
in bishops that in the general population. Salamon et al. (2008) observed a dramatic 
increase of fish consumption in medieval Mediterranean people, which can be a 
consequence of trying to meet religious dietary directions. Stable isotope analysis from 
Tomar (Figure 5.6) shows values closer those observed in a coastal monastery in Belgium 
(Polet and Katzenberg 2003) than in other Iberian collections (Lubritto et al. 2013, Alexander 
et al. 2015). Diet in medieval Europe, and particularly in Iberia, seems to be very diverse. 
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Future studies will improve not only our understanding about Iberian diet but also trade, 
agricultural and husbandry practices, exogenous new food sources implementation and 
religious dietary restrictions. 
There are no significant dietary differences between sexes or social status that could 
influence the stable isotope analysis of individuals with and without lesions (Chapter 5, 
Curto et al. 2018). Therefore it is expected that stable isotope differences between these 
two groups would be related to the stable isotope analysis being affected by physiological 
stress or different individual diets, which may have different outcomes on the individuals’ 
health. 
The possibility of the high δ15N values observed in skeletons without lesions or 
indicators of physiological stress (Chapter 5, Curto et al. 2018) being related with protein 
catabolism cannot be excluded. However, these values increase directly proportional to δ13C 
values (Figure 5.2) suggesting dietary differences, as during protein catabolism usually only 
δ15N values increase significantly (e.g. Hobson and Clark 1992, Hobson et al. 1993, Martínez 
del Rio and Wolf 2005, Gaye-Siessegger et al. 2007, Lohuis et al. 2007, McCue 2008, 
McFarlane Tranquilla et al. 2010). The δ34S values (Figure 5.4, Table 5.1) also suggest that 
the high δ15N values observed in these individuals reflect diets rich in aquatic protein. The 
individuals selected to estimate the general diet at Tomar were selected based on not 
having skeletal lesions and indicators of physiological stress, so it was not expected to 
observe protein catabolism in these individuals. Still, the absence of skeletal lesions does 
not necessarily mean that the individuals were healthy; they may have died before skeletal 
lesions developed (Wood et al. 1992). Stable isotope analysis from bones reflect average 
values resulting from the diet and possible periods of protein catabolism within the time 
that bone was remodelling (up to 25 years, Hedges et al. 2007). If the individual did not 
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survive long enough with the disease (for it to affect the bone in the form of skeletal 
lesions), then it is also probable that the disease would have an impact on the values of 
stable isotopes in bone collagen. However, not all diseases affect the skeleton and 
prolonged chronic malnutrition during adulthood may not leave indicators of physiological 
stress such as enamel hypoplasias and low stature as they are a consequence of growth 
stopping or slowing down (e.g. Saunders and Hoppa 1993, Hillson 1996, Lampl 2012, WHO 
2013). 
Tibial periostitis is frequently considered an indicator of physiological stress (e.g. 
DeWitte 2010, Robb et al. 2001) but it can also be an indicator of relatively good health, 
particularly healed periostitis (Wood et al. 1992). This study did not find any differences 
between the diet of individuals with and without tibial periostitis (Chapter 6), despites 
physiological stress being frequently associated with nutritional stress (e.g. MacDade 2005, 
Weston 2012, Reitsema et al. 2016).  
The skeletons with only healed tibial periostitis may have had a diet rich in animal 
protein and therefore could have been more resistant to infectious diseases (e.g. Kuvibidila 
et al. 1993, Scrimshaw and SanGiovanni 1997, Woodward 1998, Woodward 2001, Ulijaszek 
et al. 2012, Weston 2012). The δ15N values registered in the skeletons with only tibial 
periotitis can also be related with high aquatic protein intake, as the amount of its 
consumption is variable in Tomar (Chapter 5, Curto et al. 2018). Since fish was an expensive 
protein source (Gonçalves 2004) a diet rich in aquatic protein may also represent high socio-
economic status. Socio-economic status also have an important role in people’s health as it 
can influence access to nutritious food resources and health care, exposure to pathogens, 
strenuous biomechanical effort, settlement density, sanitation and hygiene (e.g. Goodman 
and Armelagos 1989, Cockerham 2007). It has been argued that individuals with healed 
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periostitis are of lower frailty, having a lower risk of death (e.g. DeWitte 2010, Ortner 2003, 
Wood et al. 1992). This idea is reinforced by the present study. The individuals with healed 
periostitis survived long enough to the stressor for it to be registered in their skeleton and 
may have even overcome it, as the lesions are healed. 
The non-survival of extremely malnourished individuals (Wood et al. 1992) can be 
the reason why protein catabolism was not observed in skeletons with generalised 
infections besides the diets being poorer in animal protein (Chapter 6). Malnutrition, if 
extreme, can lead to a rapid death without leaving any skeletal indicator or actual changes 
in the stable isotopes of bone collagen. Bone is the last tissue in which dietary shifts and 
protein catabolism is observable, as it has slow turnover (Cox and Sealy 1997, Hedges et al. 
2007). However, a less severe chronic malnutrition can allow the individual to survive long 
enough for it to impair their immune system (e.g. Calder 1991, Scrimshaw and SanGiovanni 
1997, Woodward 1998, Woodward 2001). The physiological stress and impaired immune 
system due to malnutrition may increase the individual’s susceptibility to infectious diseases 
(Figure 8.1). If an individual dies soon after the infection it is not possible to observe skeletal 
lesions, meaning that those who have them (skeletons analysed) survived some time with 
the disease (Wood et al. 1992). 
The osteological paradox (Wood et al. 1992) can also explain the similarity in the 
diets of individuals without signs of infection or physiological stress and those with syphilis. 
The skeletons with caries sicca (pathognomonic of syphilis) were in the tertiary stage of the 
disease (Ortner and Putschard 1985, Ortner 2003), meaning that these individuals survived a 
long time with the disease. Good health prior to venereal syphilis infection may prolong the 
individual’s survival (not only to the treponeme but also to other infections trough skin 
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ulcers which increase the exposition to other pathogens) and increase the amount and 
severity of the lesions (Wood et al. 1992).  
While malnutrition impairs the immune system, diseases also have an impact in an 
individual’s diet and metabolism (Figure 8.1). Infections lead to physiological stress by 
increasing resting expenditure (Calder 2013), decreasing appetite (Murray and Murray 
1979), and causing malabsorption (e.g. Mitra et al. 1997).  
 
Figure 5.1. Diagram representing the nutrition-infection relationship and its possible relevance for 
stable isotopes analysis (e.g. Armelagos 2003, Calder 1991, Calder 2013, Deschner et al. 2012, 
D’Ortenzio et al. 2015, Hobson et al. 1993, Gaye-Siessegeret al. 2004, Goodman and Martin 2002, 
Huss-Ashmore et al. 1992, Katzenberg and Lovell 1999, Mekota et al. 2006, Mitra et al. 1997, Murray 
and Murray 1979, Neuberger et al. 2013, Oelbermann and Scheu 2001, Ortner and Putschard 1985, 
Ortner 2003, Scrimshaw and SanGiovanni 1997, Steele and Daniel 1978, Vogel et al. 2012, Wood et 




Acute infections are usually associated with rapid death rarely affecting the skeleton 
but it may also stimulate new bone formation (Ortner and Putschard 1985, Ortner 2003). 
The different timing of these new bone formations explain why signs of protein catabolism 
is found in the lesions (Chapter 7, Curto et al. in revised submission) but not in the bones 
without lesions of diseased individuals (Chapter 8). Some authors (e.g. Weston 2012) 
suggest that during physiological stress the body cannot produce bone and therefore 
periosteal reactions should not be considered stress indicators. Indeed, physiological stress 
inhibits osteoblast differentiation and function, reducing potential bone formation in 
response to infection (Matzelle et al. 2012, Redlich and Smolen 2012). However, bone 
formation and remodelling had been demonstrated to occur during active and stressful 
disease states (e.g. Ragsdale and Lehmer 2012, McQueen et al. 2011, Wlodarski 1989). The 
repair mechanism is initiated before the cessation of the disease state or the clearance of a 
pathogen from the organism (Klaus 2014, Ragsdale and Lehmer 2012, Neve et al. 2011). In a 
diseased state, bone formation does not stop, it is active in fewer locations, where new 
woven bone may be formed (Lian et al. 2011). Bone formation being active at the lesion 
sites can explain the results observed in active lesions, described in chapter 7 (Curto et al. in 
revised submission).  
Increases in δ15N in tissues are frequently associated with fasting or nutritional stress 
(e.g. Alamaru et al. 2009, Boag et al. 2006, Fuller et al. 2005, Scrimgeour et al. 1995, Hobson 
et al. 1993). Nevertheless, this pattern has not always been registered (e.g. Mayor et al. 
2011, McFarlane Tranquilla et al. 2010, McCue and Pollock 2008, Kempster et al. 2007, 
Castillo and Hatch 2007) and it is still not clear how bone is affected by the body’s net loss of 
14N or the mechanisms underlying changes in δ15N values during physiological stress. The 
present study brought new knowledge on this topic by comparing δ15N and δ13C values 
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between lesion and non-lesion sites within the same bone (Chapter 7, Curto et al. in revised 
submission). 
An increase in δ15N values and decrease in δ13C values, compatible with protein 
catabolism (e.g. Hobson et al. 1993, Katzenberg and Lovell 1999, Steele and Daniel 1978), 
was observed in active lesions (Chapter 7, Curto et al. in revised submission) by comparing 
two timeframes of an individual’s life (before and during or after the stressor). Not all 
physiological stress leads to protein catabolism (e.g. Kempster et al. 2007, Williams et al. 
2007, Sears et al. 2009), which may only happen if the stress is sufficient to demand 
breaking down and reincorporating endogenous protein stores (Hobson et al. 1993). Since 
woven bone at the lesions was formed during or after the disease (e.g. Klaus, 2014, Lian et 
al., 2011, McQueen et al., 2011, Ragsdale and Lehmer, 2012, Wlodarski, 1989), the stressor 
may have also been strong enough to trigger protein catabolism.  
In healed tibial periostitis δ15N values decreased and δ13C values increased, when 
compared to non-lesion sites (Chapter 7, Curto et al. in revised submission), similarly to what 
was observed in patients recovering from starvation (Mekota et al. 2006, Neuberger et al. 
2013) and compatible with protein anabolism (Figure 8.1). The results of this dissertation 
provide additional support to the hypothesis that healed tibial periostitis, despite being 
associated with physiological stress, can be considered a sign of relative good health 
(Chapters 6 and 7, Curto et al. 2019, DeWitte 2010, Ortner 2003, Wood et al. 1992). 
 In Chapter 7, it was demonstrated that dietary shifts and/or metabolism during a 
disease prone to bone formation can be measured through stable isotope analysis. Bone 
formed during the disease represents a timeframe during which the individual had different 
metabolism and/or diet than their long term diet (non-lesion sites). This can be particularly 
problematic when estimating diet of non-adults, especially weaning patterns. Not only non-
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adults have faster bone turnover, but they can have also have been submitted to 
physiological stress for long periods of time before their death (e.g. Eerkens et al. 2017). 
Therefore, stable isotope analysis of their remains may have ratios related with protein 
catabolism and not only their diet. Future studies can consider the implications of this 
dissertation when reconstructing diet and life style of past populations.  
Among other factors (such as diet, aridity and mobility), stable isotope ratios can 
also represent signals from the individual’s metabolism during or after diseases. This can be 
particularly problematic when studying non-adults as their bones have faster turnover than 
adults. The premature death of non-adults may be the result of diseases or physiological 
stress even if there are no signs in their skeleton. It has been argued that bone collagen is 
unreliable to estimate childhood diet, particularly weaning timings and patterns (Beaumont 
et al. 2018, Beaumont et al. 2015, DeWitte and Stojanowski 2015). Since physiological stress 
may be measured in bone collagen, particularly that formed closer to the time of death (e.g. 
skeletal lesions, Chapter 7, Curto et al. in revised submission), it can also be measured in 
dentine collagen. This dissertation suggests that caution must be taken when estimating 
childhood diet, particularly from individuals who did not survive into adulthood. Stable 
isotopes ratios associated with weaning patters estimations might be biased by isotopic 
signals from physiological stress. 
This thesis reinforces the need for reconstructing a complete biological profile, not 
only the individual’s sex, age and stature but also any lesions observable in the skeleton, 
their severity and stage of the disease. The health status of the individuals may have a high 




8.2. Study limitations 
The major limitation of this study is the impossibility of knowing the cause of death for the 
individuals analysed, alongside it not being possible to know which diseases caused most of 
the lesions and how long the individuals survived with the disease. The challenges of the 
osteological paradox (Wood et al. 1992) also hamper the data interpretation. The presence 
of skeletal lesions can represent an adaptation to a pathological condition (Ortner 2003) 
indicating that the individual survived long enough for evidence to manifest in the skeletal 
tissues (Wood et al. 1992). Another limitation is that, while individuals with poorer nutrition 
are less resistant to infectious diseases, infectious disease further lowers nutritional status 
(e.g. Calder 2013, Mata et al. 1971, Martorell et al. 1980, Scrimshaw and SanGiovanni 1997). 
The absence of skeletal lesions is ambiguous and can result from either good health, or a 
fast death as result of an acute disease (DeWitte and Stojanowski 2015, Siek 2013, Ortner 
2003, Wood et al. 1992). A way to avoid this could be using collections of identified 
skeletons, individuals from who their age, sex and sometimes their medical record is known. 
Although these collections do exist, it is difficult to have permission to perform destructive 
analysis to these skeletons. Additionally, collections of identified skeletons are usually from 
the 20th century, meaning that there would be even more confounding factors affecting 
stable isotope, mainly modern medicine.  Medicine could affect stable isotope ratios 
through direct intake of medication but it can also bias the physiological stress and the 
effect of diet on health.  
Ideally, more samples would have been taken from each individual to estimate intra-
bone and intra-skeleton variation in skeletons with and without lesions. From the 
individuals without lesions at least two samples from the same tibia and two samples from 
the same rib should have been analysed for each individual. In the skeletons with lesions it 
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would be desirable to collect two samples without new bone growth (distant from the 
lesion), at least one sample at the lesion and another one near the lesion, in both long 
bones and ribs. Due to funding limitations it was not possible to collect and analyse the 
necessary samples to estimate intra-bone and intra-skeleton variation. The small sample 
size did also not allow multivariable analysis as the already small sample sizes would be 
even smaller if divided by other factors such as excavated area, sex and age. 
Another limitation of this study was the impossibility of choosing sample sizes due to 
constrains of time, access to the material and funding. The number of sampled skeletons 
available for analyses was limited by various factors, despite the large size of Tomar’s 
collection. The difficulty of finding skeletons that would fit into the different groups, 
resulted in small sample sizes that are also a limitation for interpreting the results from this 
study. This undermined the use of power analysis and the sample size was limited by the 
number of skeletons that were possible to find and access to funding for stable isotope 
analysis independently of the smallest sample size suitable for this study.  Therefore, other 
researchers may find different results when replicating this study. Future research could 
explore a multivariate approach to the analyses of isotopic data related to age, sex, 
excavated area, and burial type. Such an approach may reveal the different ways multiple 
lines of evidence can interact to predict isotope data. 
There are various factors that can have an effect on stable isotope ratios observed in 
human tissues, such as habitat, environment, agricultural and husbandry practices, bone 
turnover rate and physiological stress (e.g. Metges et al. 1990, Schoeninger et al. 1997, 
1998, 1999, Cerling and Harris 1999, van Klinken et al. 2000, Passey et al. 2005, Bogaard et 
al. 2007, Fahy et al. 2017). The origin of isotopic signals is very complex, namely the nitrogen 
cycle as it is also affected by different routes of nitrogen movement between trophic and 
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source amino acids through the metabolic nitrogen pool (these factors are reviewed by 
O’Connell 2017). The complexity of the nitrogen cycle is particularly important for this 
dissertation as δ15N values gave the most significant results in this thesis. Funding 
limitations did not allow analysing δ34S values for all samples, which would be useful to 
better understand if the δ15N values observed were reflecting diet or physiological stress.  
Stable isotope analysis to bone collagen represents the average dietary and metabolic 
signature from the years during which the bone was formed, which can be up to the last 25 
years of the individual’s life (Hedges et al. 2007). Moreover, collagen reflects only protein 
intake and not whole diet (e.g. Froehle et al. 2010). These factors make it challenging to 
state if stable isotope values variation reflects diet, disease, physiological stress or 
something else. 
The artificial division of the areas within the excavated area also restricted the data 
interpretation as well as information about the 1st phase of the excavation which may 
represent the individuals with low socio-economic status.  Not knowing each individual 
socio-economic status and chronology was also an important limitation for this study. The 
large chronology of the samples (11th - 17th centuries) also limits the interpretation of the 
data. During this period there were large historical and social changes, alongside new food 
sources brought from other two continents: America and Asia. The large chronological spam 





This dissertation builds on the existing knowledge about European diet, in particular in 
Iberian Peninsula, and represents the first paleodietary study from this chronology in 
Portugal. It also provides additional knowledge on how indicators of physiological stress 
may help studying disease in the past and on how disease and physiological stress affects 
bone tissues. This thesis studied the diet-health synergy and advocates the use of new tools 
to study health in archaeological samples. 
Individuals in Tomar had a complex diet, low in terrestrial animal protein and high in 
aquatic protein intake, despite its inland location (Chapter 5, Curto et al. 2018). The high 
intake in aquatic protein may be related to the presence of the military orders in the town 
and consequently stricter religious dietary restrictions. Dietary differences between sex or 
social status were not observed for the population of Tomar, but the quantity of aquatic 
protein intake is variable ( Chapter 5, Curto et al. 2018).  
This study suggests that the individuals with non-specific generalised infections had 
diets lower in animal protein than those without lesions or with only healed tibial periostitis. 
Diets poorer in animal protein may increase susceptibility to pathogens leading more 
frequently to generalised infections while richer diets might increase the survivorship and 
ability to heal from infectious diseases. Hence, while non-specific generalised infections are 
a sign of ill health and poor diet, the presence of only healed tibial periostitis may indicate a 
state of comparatively good overall health and diet. 
δ15N and δ13C values were not significantly different between long term diet of 
skeletons without lesions or those with lesions. In contrast, significant differences were 
found when the lesions were grouped by healing stages (active, healed or both). δ15N values 
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increased and δ13C values decrease in active skeletal lesions,  alike to what was observed in 
previous studies of patients suffering from starvation or wasting diseases. The difference in 
stable isotope ratios between non-lesion sites and those with active lesions may be related 
with protein catabolism. In healed lesions δ15N values decreased and δ13C values increased, 
similarly to what have been observed in patients recovering from starvation, and may be 
related with protein anabolism.  
Stable isotope ratios are complex and can be influenced by a variety of different 
factors. Still, their analysis can often be relevant to better understand health and disease in 
the past. With the increasing knowledge and technologies available, stable isotopes analysis 
can become an important tool for paleopathology and the nutrition-immunity synergy, 
particularly in the absence of antibiotics. A better understanding of bone formation and 
tissue repair, allied with stable isotope analysis, can become an important tool for the study 
of paleopathology. Stable isotope analysis has the potential to improve the understanding 
of pathological processes in past populations by assessing their nitrogen balance and 
skeletal lesions. The biological profile and any lesions or diseases observable in the 
individuals selected for paleodietary studies can have an impact on a population’s diet 
estimations. Stable isotope ratios can represent signals from the individual’s metabolism 
during or after diseases and not only food intake. This can be particularly problematic for 
non-adults as their bones have faster turnover than adults and might have died of chronic 
diseases or physiological stress even if there are no signs in their skeleton. Therefore, stable 
isotopes ratios associated with weaning patters estimations might be masked by isotopic 




8.4. Future directions 
Diet appears to be very diverse in Medieval Iberia and this study is the first one in 
Portugal from this chronology (11th to 17th century). It is important to increase the amount 
of Portuguese paleodietary studies in order to understand if high intake of aquatic protein 
was general within the country or if it is related with the influence of religious military 
orders (Chapter 2). A good comprehension of a population’s diet is essential to better 
understand how diet may affect the individual’s health.  
Post-natal nutritional deficits have been shown to increase the risk of early death, 
the majority related to infectious diseases (Moore et al. 1999). Previous research on 
archaeological samples also showed marked isotopes differences between individuals who 
survived childhood and those who died (Beaumont et al. 2015, Reitsema et al. 2016). Not 
only breastfeeding and weaning patterns had a significant impact on morbidity and 
mortality (Beaumont et al. 2015), but also individuals who survived childhood had higher 
animal protein intake in their post-weaning diets (Reitsema et al. 2016) suggesting that diet 
at younger ages have a high impact on the health status of the individuals. Significant stable 
isotope differences were found between apparently healthy adult skeletons and those with 
generalised unspecific infections, suggesting different diets before the disease, which might 
have affected their susceptibility to pathogens (Chapter 3). These stable isotope differences 
in adults were more marked comparing healthy and diseased young adults. Various studies 
documented the immediate immunosuppressive effects of protein-energy malnutrition in 
infancy and childhood (e.g. Woodward 2001). However, malnutrition implications for 
immune function beyond childhood are still not well documented and it would be important 
to better understand how childhood diet, particularly weaning patterns and timing, affected 
the individuals understudy. 
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Adult stature is determined by genetics but also has an environmental determinant 
(e.g. Haviland 1967, Larsen 1997, Cardoso and Gomes 2009). Nutrients, total calories 
ingested, work and disease loads affect growth and resulting adult stature (Allen and Uauy 
1994, Tanner et al. 1982, Takahashi 1984, 1994). Stature reveals developmental trends, 
environmental stress such as nutritional deficits and evolutionary relationships (Moore and 
Ross 2013), being an important indicator of relative nutritional health, as poor childhood 
health and nutrition reflect in adult stature. Since low stature can be an indicator of 
physiological stress (e.g. Haviland 1967, Morris and McAlpin 1979, Allen and Uauy 1994, 
Roberts and Manchester 2007, Moore and Ross 2013) only individuals with stature equal or 
above the mean for this population were used to estimate the general diet (Chapter 2). It 
would be interesting to compare both adult and childhood diet of tall and short individuals 
from Tomar. 
Stable isotopes have been used as diagnostic tools in biomedicine (e.g. Albarede et 
al. 2016, Costas-Rodriguez et al. 2016, Heuser 2016, Larner 2016), however, their potential 
to study health in past populations is still not well understood. Even if not studied in dept 
yet, mineralized tissues are likely to record isotopic signals of disease. This new line of study 
for paleopathology has the potential to better understand the synergy between diet, 
disease and metabolism in the absence of antibiotics and modern medicine. Stable isotopes 
analysis will be even more relevant the more I know about bone turnover (e.g. Hedges et al. 
2007, Fahy et al. 2017) allowing a better understanding of the meaning of stable isotope 
ratios in lesions at different healing stages (Chapter 4).  
Zinc homeostasis and its importance in various pathologies have been multiply 
reviewed (e.g. Boaventura et al. 2015, Fukada et al. 2011, Maret 2013, Maret and Krzel 
2007, Lichten and Cousisns 2009). Zinc and copper isotopes are expected to be significant 
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influenced by protein sources (Van Heghe et al. 2012, Jaouen et al. 2013b) and can improve 
diet estimations. Red meat, some shellfish and legumes are some of the foods with the 
highest zinc concentration (Otten et al. 2006) and plant-based diets increase the risk of 
developing zinc deficiency (King et al. 2016). Zinc deficiency is easily and rapidly produced, 
leading to worse response to infection (Gammoh and Rink 2017). Physiological stress can 
also enhance copper and zinc isotopic fractionation by accelerating their turnover (Jaouen 
et al. 2013a,b). Altered zinc and copper homeostasis is associated with several conditions, 
like for example neurodegenerative disorders (Mezzetti et al. 1998, Kozlowski et al. 2012).  
There is also an age and sex effect on zinc and copper stable isotopes. Stable isotope zinc 
ratios increase with age, while stable isotopes copper ratios decrease (Jaouen et al. 2013a). 
The copper/zinc ratio may be used as a mortality biomarker in elderly (Malavolta et al. 
2010), particularly when associated with other stable isotopes, like calcium, for example. 
Sex effect on zinc and copper have been observed in both blood and bone (Albarede et al. 
2011, Jaouen et al. 2012, Van Heghe et al. 2014) and can be important to understand the 
evolution of menarche, menstruation and menopause patterns and how they can relate to a 
population’s general health. Research on metal stable isotope compositions in humans are 
still at early stages and most studies focus on young healthy living individuals (e.g. Alberede 
et al. 2011, Stenberg et al. 2005, Ohno et al. 2004, 2005, Van Heghe et al. 2012, Walczyk and 
von Blanckenburg 2002). 
Calcium isotopes for example may be important in the evolution of menopause 
patterns. With age an imbalance between the amount of bone reabsorbed and deposited 
occurs (Teitelbaum 2000). Calcium isotopes fractionation have been observed in different 
tissues (Heuser et al. 2016) and revealed changes in bone mineral balances more rapidly 
than the currently used biomarkers and X-ray densiometry (Morgan et al. 2012). Iron 
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isotopes on the other hand can be an important measure of health, as it is expected to be 
unrelated to age (Jaouen et al. 2013). While low iron isotope ratios coincide with high iron 
status, high iron isotope ratios correspond with low iron status (Van Heghe et al. 2013). The 
transfer of dietary iron to the foetus is regulated in response to maternal iron status 
(O’Brien et al. 1999) and postnatal feeding practices and growth rate also affects iron 
balances (Chaparro 2008). Absorption of dietary iron in breast-fed infants undergoes 
developmental changes between 6 and 9 months old, enhancing their ability to adapt to 
low-iron diet and avoid iron deficiency (Domellöf et al. 2002). Therefore, analysing iron 
isotopes alongside weaning patterns of individuals who died at young ages or survived to 
adulthood can give us a more complete insight on weaning and health. 
Tomar’s osteological collection has the potential to be used for a large health project 
combining different tools accessible for the study of human remains. The large size of this 
collection (6,792 individuals), with individuals of all ages (4,991 adults, 1,801 non-adults), 
allows comparing groups of individuals belonging to the same population. A continuous 
study of this osteological collection could be very highlighting about the relationship 
between diet, health and socio-economic status in pre-antibiotic populations. Data from 
individuals who died at young ages can be compared to those who survived into adulthood 
but also those who show signals of physiological stress and/or diseases and the ones that do 
not show these indicators. Combining different stable isotopes can improve diet estimations 
but also improve our understanding on the relationship between diet, health and 
metabolism. The rapid improvement of techniques, particularly for stable isotope analysis 
and bone turnover can give us new tools to study health in past population, creating a new 
line of research in paleopathology. Tomar’s collection also has the potential to be used to 
test modern methodologies in medieval populations. An example of this are equations for 
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both sex and stature estimation developed specifically for Tomar’s collection (briefly 
mentioned in Chapter 4) that can be compared with equations developed from forensic 
cases. These tests will not only allow better sex and age estimation for Tomar’s skeletons 
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Table A1. Skewness, kurtosis and normality tests. 1 
                  Shapiro-Wilk 
      
 
Mean±SD Mean±SEM Skewness Kurtosis 
 







-18.7±0.3 -18.7±0.1 0.307 -0.95 
 
0.942 10 0.58 
Male 
 
-18.2±1.1 -18.2±0.3 2.172 5.918 
 
0.769 10 0.01 
Young 
 
-17.9±1.4 -17.9±0.6 1.966 4.069 
 
0.755 5 0.03 
Mature 
 
-18.7±0.4 -18.7±0.1 0.01 -0.66 
 
0.98 11 0.97 
Elderly 
 
-18.6±0.3 -18.6±0.1 0.77 1.82 
 




10.6±0.9 10.6±0.3 0.13 1.44 
 
0.96 10 0.74 
Male 
 
11.3±0.7 11.3±0.2 0.16 -1.22 
 
0.96 10 0.73 
Young 
 
11.7±0.5 11.7±0.2 -0.22 -1.26 
 
0.98 5 0.91 
Mature 
 
10.7±0.7 10.7±0.2 -1.08 2.58 
 
0.92 11 0.33 
Elderly 
 
10.8±1.0 10.8±0.5 1.88 3.59 
 






13.4±0.9 13.4±0.3 -0.75 1.16 
 
0.96 10 0.72 
Male 
 
12.9±1.9 12.9±0.6 -0.46 -0.10 
 
0.97 10 0.85 
Young 
 
12.1±1.8 12.1±0.8 -1.00 0.34 
 
0.91 5 0.47 
Mature 
 
13.5±1.2 13.5±0.4 0.04 -0.51 
 
0.98 11 0.95 
Elderly 
 
13.5±1.4 13.5±0.7 -1.19 2.12 
 








-18.6±0.5 -18.6±0.1 0.92 0.72 
 
0.94 31 0.10 
Lesion 
 
-18.3±0.7 -18.3±0.1 2.54 9.72 
 
0.76 23 0.00 
Active 
 
-18.4±0.6 -18.4±0.2 -0.272 -0.507 
 
0.94 7 0.64 
Healed 
 
-18.0±1.2 -18.0±0.5 1.951 4.246 
 
0.78 6 0.04 
Both 
 
-18.4±0.2 -18.4±0.1 -0.311 2.715 
 
0.91 10 0.30 
Generalised 
 
-18.7±0.4 -18.7±0.1 -2.092 
4.923 
 




-18.1±1.2 -18.1±0.4 2.177 5.092 
 




10.8±0.9 10.8±0.2 0.146 -0.102 
 
0.98 31 0.66 
Lesion 
 
10.7±0.7 10.7±0.2 0.137 -1.381 
 
0.93 23 0.09 
Active 
 
10.5±0.7 10.5±0.3 0.625 -1.119 
 
0.90 7 0.34 
Healed 
 
10.9±0.7 10.9±0.3 -1.342 2.156 
 
0.87 6 0.24 
Both 
 
10.7±0.8 10.7±0.2 0.505 -1.488 
 
0.89 10 0.15 
Generalised 
 
10.3±0.7 10.3±0.2 1.140 -0.195 
 




11.2±0.4 11.2±0.1 0.152 -1.801 
 









0.2±0.7 0.2±0.2 0.122 -0.470 
 
0.99 13 1.00 
Healed 
 
0.5±1.1 0.5±0.4 0.445 0.149 
 
0.98 7 0.93 
Both 
 
0.1±0.6 0.1±0.2 0.751 -0.607 
 






-0.5±0.5 -0.5±0.1 -0.742 0.684 
 
0.93 13 0.58 
Healed 
 
0.2±0.9 0.2±0.3 0.891 0.138 
 
0.93 7 0.42 
Both 
 
0.2±0.8 0.2±0.3 -0.478 1.582 
 










-0.1±0.1 -0.1±0.1 0.845 0.540 
 
0.96 5 0.78 
Healed 
 
-0.1±0.7 -0.1±0.3 1.094 0.597 
 
0.875 6 0.248 
Both 
 
-0.2±0.4 -0.2±0.1 -0.572 -1.161 
 




-0.4±0.7 -0.4±0.3 -0.767 -0.341 
 
0.927 5 0.576 
Healed 
 
0.0±0.5 0.0±0.2 0.035 0.082 
 
0.989 6 0.987 
Both   0.1±0.9 0.1±0.3 -1.123 3.239   0.874 9 0.576 
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  1 
 2 
Figure A2. Carbon and nitrogen stable isotope comparison between faunal remains from Tomar, 3 
Benipeixcar (15th – 16th century Alexander et al. 2015) and Koksijde (12th – 15th century, Polet and 4 
Katzenberg 2003).  5 
 6 
 7 
Table A2. Stable isotope data (δ13C, δ15N and δ34S) of bone collagen from fauna remains. 8 





Bos 20 -21.3 42.5 4.8 14.9 3.3 18.0 0.2 212.6 74.3 
Bos 20 -21.1 29.9 5.9 11.1 3.3 13.1 0.1 299.1 110.6 
Bos 20 -20.9 38.2 6.1 13.4 3.3 - - - - 
Bos 20 -21.1 42.2 5.7 14.8 3.3 18.5 0.2 211.1 74.1 
Canidae 20 -21.1 27.5 7.2 9.0 3.4 - - - - 
Domestic sus 14 -21.1 36.3 6.2 12.4 3.4 - - - - 
Domestic sus 14 -20.7 38.8 5.5 13.4 3.4 - - - - 
Domestic sus 14 -20.8 15.9 6.2 5.4 3.4 17.4 0.1 158.5 54.4 
Equus 20 -20.4 41.0 8.5 14.4 3.3 10.2 0.2 204.8 72.0 
Juvenile sus  14 -20.1 41.0 6.3 14.2 3.4 14.8 0.2 205.0 71.1 
Ovicapridae 17 -21.1 10.1 5.4 3.5 3.4 15.1 0.1 101.0 35.0 
Ovicapridae 20 -21.2 22.6 7.9 7.4 3.4 16.5 0.1 225.6 74.0 
Ovicapridae 20 -21.1 42.7 7.2 15.1 3.3 18.5 0.2 213.5 75.5 
Wild sus 20 -21.7 17.8 7.1 6.1 3.4 14.8 0.1 178.0 61.0 
Wild sus 17 -19.4 27.3 6.6 9.5 3.4 14.6 0.1 273.4 94.7 
  9 
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Table A3. Stable isotope data (δ13C, δ15N and δ34S) of human bone collagen (without lesions or 1 
indicators of physiological stress) . 2 






Female - Higher 13 -18.8 32.1 10.6 11.2 3.4 - - - - 
Female - Lower 14 -18.6 31.3 12.0 10.4 3.4 - - - - 
Female Mature Lower 16 -18.3 41.8 10.5 14.8 3.3 13.2 0.2 208.8 74.0 
Female Mature Lower 14 -18.9 41.3 10.2 14.6 3.3 14.1 0.2 206.5 73.2 
Female Old Lower 14 -18.9 21.9 10.3 7.5 3.4 13.9 0.1 218.9 75.0 
Female Old Lower 14 -18.7 41.0 10.5 14.5 3.3 11.5 0.2 204.8 72.6 
Female Mature Higher 18 -19.1 40.8 8.9 14.4 3.3 13.5 0.2 204.0 71.9 
Female Old Lower 20 -18.7 36.7 9.6 12.9 3.3 - - - - 
Female Young Lower 20 -18.5 23.2 11.0 7.7 3.4 13.7 0.1 232.2 76.8 
Female Old Higher 18 -18.3 34.5 12.3 11.9 3.4 13.6 0.2 172.4 59.7 
Female Mature Lower 20 -18.6 23.0 11.0 7.9 3.4 13.1 0.1 229.9 78.7 
Female Young Lower 14 -19.0 15.5 11.4 5.2 3.4 12.4 0.1 154.8 52.0 
Female Old Lower 14 -18.7 41.7 10.1 14.3 3.4 14.8 0.2 208.4 71.5 
Female Young Lower 16 -18.9 18.5 10.6 6.1 3.4 - - - - 
Female - Higher 19 -17.8 32.7 11.2 11.5 3.3 - - - - 
Male - Lower 20 -18.8 39.1 10.2 13.7 3.3 - - - - 
Male - Higher 19 -18.9 41.0 9.6 14.1 3.4 - - - - 
Male Mature Higher 18 -18.8 36.6 11.2 12.8 3.3 11.6 0.2 183.0 64.1 
Male Mature Higher 19 -18.2 35.3 10.4 12.3 3.4 14.1 0.2 176.5 61.5 
Male Old Higher 18 -19.0 37.9 10.5 12.5 3.4 - - - - 
Male Mature Lower 14 -19.4 14.8 11.0 5.2 3.3 12.2 0.1 148.0 52.0 
Male - Lower 17 -17.3 43.0 10.4 14.8 3.4 - - - - 
Male Young Higher 18 -18.1 24.1 12.1 8.4 3.4 11.4 0.2 120.5 41.8 
Male Mature Lower 14 -19.1 39.0 9.3 13.3 3.4 - - - - 
Male Young Lower 14 -17.8 39.2 12.5 14.4 3.2 - - - - 
Male Young Lower 20 -18.5 40.8 11.7 14.1 3.4 13.5 0.2 203.8 70.3 
Male Young Lower 16 -18.3 36.1 10.7 12.6 3.4 - - - - 
Male Young Lower 14 -15.4 25.7 12.3 9.0 3.3 9.3 0.2 128.5 45.1 
Male Mature Lower 14 -17.9 42.1 11.2 14.9 3.3 15.6 0.2 210.3 74.4 
Male Mature Higher 15 -18.3 33.7 10.5 11.7 3.4 14.8 0.2 168.5 58.4 
Male Mature Lower 14 -17.6 32.6 11.6 10.9 3.4 - - - - 
Male Mature Lower 14 -18.7 41.4 11.8 14.3 3.4 12.3 0.2 207.0 71.4 









  Distant to lesion   Active lesions   Healed lesions   Fractures 
 
δ13C %C δ15N %N C/N 
 
δ13C %C δ15N %N C/N 
 
δ13C %C δ15N %N C/N 
 
δ13C %C δ15N %N C/N 
3.73 Male Mature 
 
-18.3 15.1 9.6 4.8 3.4 
 
- - - - - 
 
-18.2 32.4 9.4 11.5 3.3 
 
- - - - - 
14.121 Female Mature 
 
-19.2 28.6 10.5 9.4 3.5 
 
- - - - - 
 
- - - - - 
 
-18.3 36.1 10.4 12.8 3.3 
14.130 Male Old 
 
-18.7 21.4 11.0 7.0 3.4 
 
-18.5 7.6 11.0 21.6 3.3 
 
- - - - - 
 
- - - - - 
14.21 Male Young 
 
-19.4 42.9 10.1 16.7 3.3 
 
-19.0 34.2 10.7 11.7 3.4 
 
- - - - - 
 
- - - - - 
14.301 - - 
 
-18.7 14.4 10.7 5.4 3.4 
 
- - - - - 
 
- - - - - 
 
-18.1 41.6 11.6 14.8 3.3 
14.392 Female Mature 
 
-19.0 17.5 10.7 5.8 3.5 
 
- - - - - 
 
-18.3 17.6 10.2 5.9 3.5 
 
- - - - - 
14.407 Male Mature 
 
-17.6 17.5 11.6 5.7 3.5 
 
- - - - - 
 
- - - - - 
 
-18.4 18.1 11.9 6.5 3.3 
14.72 Female Old 
 
-18.4 28.9 10.1 9.8 3.4 
 
-18.9 29.5 9.7 10.0 3.4 
 
-18.1 15.6 11.5 5.2 3.5 
 
- - - - - 
15.191 Male - 
 
-15.6 34.0 11.5 11.9 3.3 
 
- - - - - 
 
-16.8 32.8 10.9 13.0 3.4 
 
-18.0 33.7 9.8 11.9 3.3 
15.96 Female Old 
 
-18.4 15.0 10.0 5.0 3.3 
 
- - - - - 
 
-18.3 28.0 10.3 9.4 3.5 
 
- - - - - 
16.169 Female Young 
 
-18.6 41.9 9.7 15.8 3.3 
 
-19.8 39.4 11.0 14 3.3 
 
- - - - - 
 
- - - - - 
16.225 Male Young 
 
-18.6 27.0 11.0 9.2 3.4 
 
-19.5 14.0 10.3 5.4 3.3 
 
- - - - - 
 
- - - - - 
16.255 Male Mature 
 
-18.7 34.4 10.0 11.8 3.4 
 
-19.2 23.6 10.5 4.0 3.5 
 
- - - - - 
 
- - - - - 
17.170 Female - 
 
-18.5 28.0 10.2 9.6 3.3 
 
- - - - - 
 
- - - - - 
 
-18.9 38.8 10.6 14.3 3.3 
17.350 Male Mature 
 
-18.9 20.7 10.7 6.4 3.5 
 
- - - - - 
 
- - - - - 
 
-20.1 22.3 10.8 7.7 3.4 
17.366 Male - 
 
-21.9 14.5 12.4 4.0 3.5 
 
-18.7 16.9 11.9 5.6 3.5 
 
- - - - - 
 
- - - - - 
17.556 Male Young 
 
-18.5 22.1 11.7 7.5 3.4 
 
-18.4 13.6 12.4 4.6 3.5 
 
- - - - - 
 
- - - - - 
18.158 Male Mature 
 
-18.3 27.5 11.4 9.5 3.4 
 
-17.9 21.0 12.9 6.9 3.5 
 
-18.4 31.4 11.2 10.9 3.4 
 
- - - - - 
18.160 Male Mature 
 
-17.7 17.5 10.9 5.8 3.4 
 
-18.5 23.0 11.0 7.7 3.5 
 
- - - - - 
 
- - - - - 
18.250 Male Mature 
 
-18.6 17.8 11.6 6.0 3.5 
 
- - - - - 
 
-18.4 9.0 9.8 2.9 3.5 
 
- - - - - 
18.464 - - 
 
-19.1 38.0 11.9 12.3 3.5 
 
-18.1 34.4 12.3 12.0 3.3 
 
- - - - - 
 
- - - - - 
19.42 Male - 
 
-18.4 21.4 10.7 7.0 3.3 
 
-18.7 36.0 10.7 12.5 3.4 
 
-18.1 32.4 10.2 11.4 3.3 
 
- - - - - 
19.45 Male Old 
 
-18.0 28.9 10.0 9.8 3.3 
 
-18.3 23.8 10.7 7.7 3.5 
 
- - - - - 
 
- - - - - 
20.596 - - 
 
-17.9 28.3 11.0 9.9 3.3 
 
- - - - - 
 
-17.9 34.0 10.6 12.1 3.3 
 
- - - - - 
16.196 Male - 
 
-18.7 31.4 12.0 11.1 3.3 
 
- - - - - 
 
- - - - - 
 
-18.0 3.2 11.7 11.3 3.3 
17.553 Male - 
 
-19.3 27.4 10.9 9.5 3.3 
 
- - - - - 
 
- - - - - 
 
-18.6 28.1 11.1 9.6 3.4 
21.092285 - - 
 
-18.8 20.6 10.6 6.2 3.5 
 
- - - - - 
 
- - - - - 
 
-19.0 21.1 9.6 6.7 3.3 
V5.22 Male Mature   -18.5 33.8 9.8 11.6 3.4   -18.4 34.2 10.2 11.8 3.4   -19.4 38.8 10.5 11.2 3.5   - - - - - 
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  Distant to lesion   Active lesions   Healed lesions   Fractures 
 
δ13C %C δ15N %N C/N 
 
δ13C %C δ15N %N C/N 
 
δ13C %C δ15N %N C/N 
 
δ13C %C δ15N %N C/N 
14.132 Male Mature 
 
-19.4 13.6 9.7 4.9 3.3 
 
-19.4 34.4 10.4 12.0 3.3 
 
- - - - - 
 
- - - - - 
14.31 Male Mature 
 
-18.9 30.0 10.7 10.5 3.3 
 
- - - - - 
 
-19.1 33.0 11.1 11.8 3.3 
 
-19.1 29.9 10.6 10.4 3.3 
14.392 Female Mature 
 
-19.1 39.4 10.7 14.0 3.3 
 
- - - - - 
 
-18.3 34.4 10.3 12.0 3.3 
 
- - - - - 
14.50 Male Mature 
 
-19.6 37.4 11.1 10.2 3.2 
 
- - - - - 
 
- - - - - 
 
-18.9 28.5 10.4 9.4 3.5 
14.72 Female Old 
 
-19.1 38.0 10.2 9.9 3.3 
 
- - - - - 
 
-18.4 21.8 12.2 7.6 3.4 
 
- - - - - 
15.96 Female Old 
 
-18.7 38.6 10.5 13.8 3.3 
 
-18.4 32.1 10.1 11.1 3.4 
 
-18.3 38.7 10.1 13.6 3.3 
 
-18.7 21.8 10.6 7.5 3.4 
16.225 Male Young 
 
-20.7 17.0 11.0 5.1 3.5 
 
- - - - - 
 
-20.8 20.7 10.9 6.4 3.5 
 
- - - - - 
17.556 Male Young 
 
-19.5 39.5 10.9 13.3 3.5 
 
- - - - - 
 
-19.4 18.0 10.7 5.2 3.5 
 
- - - - - 
18.158 Male Mature 
 
-18.5 28.5 12.0 10.2 3.3 
 
-18.2 33.1 11.7 12.2 3.4 
 
-18.5 39.9 10.5 14.5 3.2 
 
- - - - - 
18.4 Male Old 
 
-18.4 40.6 10.9 15.0 3.2 
 
- - - - - 
 
-18.4 32.2 11.1 11.5 3.3 
 
- - - - - 








































Figure A3 (continuation). Intra-skeleton carbon and nitrogen stable isotope ratios. 
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